General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



5101-221 


DOE/JPL-1012 




Flat-Plate $otar Distribution Category UC-63b 

Array Project 


Summary of Flat-Plate Solar^ 
Array Project Documentation 

Abstracts of Published Documents, 

1 975 to June 1 982 



(MASi-CB-1695 t8) SOMHAfiJ Of PLAT-PLATE 
SOLAB ABBAI PBOJECT DOCOHENT ATION. 

ABSTRACTS UP PUBLISHED DOCOHEIITS, 1975 TO 

JUME 1982 (Jet Propulsion Lab.) 372 p 

HC AI6/HF A01 CSCL 10A G3/44 



N83- 13586 


Unclas 

02001 


September 15, 1982 
Prepared for 

U.S. Department of Energy 

Through an agreement with 

National Aeronautics and Space Administration 

by 

Jet Propulsion Labvatory 
California Institute of Technology 
Pasadena, California 


(JPL Publication 82-79) 


DOE/JPL-1012-76 
Distribution Category UC-63b 


5101-221 

Flat-Plate Solar 
Array Project 


Summary of Flat-Plate Solar 
Array Project Documentation 

Abstracts of Published Documents, 

1 975 to June 1 982 


September 15, 1982 
Prepared for 

U.S. Department of Energy 

Through an agreement with 

National Aeronautics and Space Administration 

by 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 


(JPL Publica'ion 82-79) 


Prepared by the Jet Propulsion Laboratory, California Institute of Technology, 
for the U S. Department of Energy through an agreement with the National 
Aeronautics and Space Administration. 


The JPL Flat-Plate Solar Array Project is sponsored by the U.S. Department of 
Energy and is part of the Photovoltaic Energy Systems Program to initiate a 
major effort toward the development of cost -competitive solar arrays. 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Gov-rnment nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, com- 
pleteness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 


This publication reports on work done under NASA Task RD-1 S2, Amendment 
66, DOE/NASA lAA No. DE-A101-76ET20356. 



SlfflARY 


This docutoent contains abstracts of final reports and latest 
quarterly reports of JPL and contracted efforts that have constituted 'Rie 
JPL Flat-Plate Solar Array (FSA) Project (formerly the Ixw-Oost Solar 
Array (ISA) Proj*%ct). 

This work has beat conducted urnier a contract with the U.S. 

Department of Biergy (DOE) as a part of the National Fbotovoltaics 
Program. The aim of this program is to stimulate the development of 
technology that will enable the private sector to manufacture and widely 
use photovoltaic systems for the generation of electricity in 
residential, ccmnercial. industrial, and government applications at a 
cost per watt that is competitive with other means. 

FSA Project activities have Included the sponsoring of research and 
developmmit efforts in silicon refineooent processes, advanced silicon 
sheet growth techniques, solar cell developm^t, encapsulation, automated 
fabricaticxi process technolc^, advanced module /array design, and 
module /array test and evaluation techniques. 

Due to the large nunber of docuuents involved, it is possible that 
some publi(cations may have been overlcx)ked. It is the intent of the 
Project to revise and update this document periodically and emissions 
called to our attoicion will be included at that time. 


lb obtain a full report on any of tlie contracts herein, order as follows: 


Abstracts without DOE/JPL numbers can be obtained from 


Jet Propulsion Laboratory 
Solar Data Center, M.S. 502-422 
4800 Oak Grove Dr. 

Pasadena CA 91109 


Abstracts with ERDA/JPL or DCSl/JPL nuaabers can be obtained from 

National Dedinical Information Service 
5285 Port Royal Rd. 

Springfield VA 22161 

or 

U. S. "Apartment of Ehergy 
Techr wSl Information Center 
Publication Request Section 
P. 0. Box 62 
Oek Ridge TN 37830 
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TITLE: 

CXltPORAIE AUIH: 
MTE: 

REPORT NO: 
ABSTRACT: 


Energy Research and Development Agency Low-OMt Silicon 
Solar Array Project. Proc^lnge of the First Thsk 
Lntegration Meeting. 

Jet Propulsion Laboratory 

January 1976 

ERDA/JPL-1012-76/1 - 5101-2 

The low-Gost Silicon Solar Array (LSSA) Project convened the 
first LSSA Task Integration Meeting at JPL on January 13, 14 
and 15, 1976. The primary objectives of this first Tksk 
Integration Meeting were: Tb provide an overview of LSSA 

Project technical plans, progress, and problems for all 
Project participants; a^ to further identify and establish 
the tedmical interfaces within and between LSSA Project 
tasks. 

A two-day working meeting was attended by technical 
representatives from all contractor organizations that are 
working on or will soon be working on the LSSA Project, BRDA 
Program Managers and representatives from £RDA/San fVancisco 
Field Office, NASAHq., NASA/LeRC, and Aerospace. Ob 
January 13, presentations were given by JPL Project 
personnel and by 23 contractor representatives covering all 
technical aspects of the Project technology development 
effort (four tasks: silicon material, large area silicon 

sheet, encapsulaticxi , and array autcnated assaihly). Ob the 
secxxid day, each task of the five tasks ccxivened separately 
and discussed plans, progress, interfacre requirements, and 
task problems. A LSSA Project review was held by Project, 
ERDA Program, and NASA headquarters personnel on the third 
day during which the results of the Task Integration Meeting 
were discussed. 

The purpose of this dcxrunent is to disseminate, as quickly 
as p^sible, the material that was presented at the 
meeting. This includes smmaries of the second day task 
sessions as presented by each task manager during the 
review. The document ccxisists of the vugraphs used in the 
presentations, a brief suomary from each cxxitractor, and a 
brief suimary of the meeting. 

The first 15SA Project Quarterly Report, to be published 
shortly, will supplement the prcx:eedings . It will desc^ribe 
the Project plans and accomplishments with an entasis C3n 
the technical accomplishments. The quarterly report will be 
sent to all people receiving this dcx:uDent. 
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TITLE; 


Biergy BMearch and Development Agency LoifOost Silicon 
Solar Array Project. Proc^ings of the Second Project 
Integration Meeting. 


CXBPQRATE AUIH: 
DATE: 

REPORT NO: 
ABSTRACT: 


let Propulsion Laboratory 
April 1976 

ERDA/jPL-101 2-76/4 - 5101-5 

The Low-Q>st Silicon Solar Array (LSSA) Project convened its 
second Project Integration Meeting (the first meeting was 
called Tksk fotegration Meeting) at the California bstitute 
of Technology campus in I^sadeM, California, on April 
27-28, 1976. (M ERDA/JPL in-house review and critique of 
the previous two-day session was held on April 29.) The 
primary objectives of this meeting were to integrate the 
LSSA Project technical plans and activities, to further 
identify and establish the tectmical interfaces, and to 
provide an overview of Project technical plans and status. 

The two-day working meeting was attended by technical 
representatives from all contractor organizations «.ssociated 
with the LSSA Project, the ERDA Program Manager, 
representatives from ERDA/Sandia and NASA/LeRc, a number of 
advisors, and JPL Project persomel. 

Oh the morning of April 27, formal presentations were given 
by programs a^ project persomel to all attendees. T^t 
afternoon and the morning of April 28 were devoted to 
intratask and intertesk sessions. Ch Che second afternoon, 
status presentations were made by LeRC and Sandia 
representatives, followed by sunnary reports by each Task 
Manager stating the meeting results of their respective task 
sessions. 

The purpose of this docvment is to disseminate; the material 
that was presented at the meeting, including sunnaries of 
the second day task sessions as presented by each task 
manager . The document includes vugraphs used in the 
presentations, technical progress sunnaries from the 
contractor; a^ a brief sutnnary of the meeting. 
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TITLE: 

OKFORATE AtHH: 
DATE: 

REPORT ND: 
ABSTRACT: 


LowOost Silicon Solar Array Project. Third Project 
Integration Meeting. 

Jet Propulsion Laboratory 

July 1976 

HWJPL-1012-76/7 - 5101-8 

The Third Project Integration Meeting (PIM) of the Low -Cost 
Silicon Solar Array (LSSA) Project was conducted July 28 and 
29, 1976, at the California Institute of Technology; sane 
tedmology-developcoent task meetings were held during the 
preceding two days as well. 

The PIM began with a general introductory session, in which 
the current status of the ERDA Photovoltaic Program, the 
LSSA Project, otiner Program elements, recent solar -cell 
module test experience at JPL, cost analysis methods 
developed by the Bat telle contract with the Encapsulation 
Tbsk were briefly reviewed. These are suomarized in Section 
II of these proceeding. 

Next, the participants were divided, and in each of two 
periods three Intratask or Lntertask sessions were 
conducted. The Silicon Material Tbsk (1) held an Intratask 
session and participated in an Intratask session with the 
Large Area Silicon Sheet Task (2). Task 2 had an Intratask 
Meeting prior to the PIM, and participated in Intertask 
sessions with Task 1 (abwe) a^ with Ehcapsulation (Task 3) 
and Ajtcmated Array Assembly (Task 4). Tbsk 3 also held 
pre-PIM Intratask Meetings, and participated in the 2-3-4 
session. Large Scale Pr^uction, Operations, and 
Qigineering held one Intertask session among themselves and 
another with Task 3. These are sunnarized, sometimes from 
the perspective of more than one participating Task, in 
Section III. 

Finally there was a concluding general session, which 
included statements of sunnary status, conclusions, and 
action items by the Task 1-S Managers and the Project and 
Program Managers. The Task Stomarles are included in 
Section III; the Management conclusions and action iters are 
given in Section I. 
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TITLE; 


First ^ual Report, January I975>-March 1976. 


OQRFORAIE AUTH: 
EATE: 

REPORT NO: 
ABSTOACT: 


Jet Propulsion Laboratory 
9 August 1976 

ERDA/JPL-1012-76/5 and 5101-3 

The Low-Cost Silicon Solar Array Project (LSSA) was 
established to greatly reduce the price of solar arrays by 
the inproveoient of manufacturing technology, by adaptation 
of mass production techniques, and by helping achievement of 
user acceptance. The project's approad) included die 
development of tedmology, its transfer by industry to 
coomercial practice, the evaluation of the economics 
involved, and the stimulation of market growth. The 
activities and progress of the LSSA Project during its first 
year are described in this docunent which covers all project 
activities, with primary emphasis on the tedmical plans and 
accomplishments. The development of manufacturing 
tedmology is now mid will continue to be perforin^ 
principally by industries and universities. To date, 24 
contractors are working on new silicon-refinement processes, 
silicon -sheet -growth techniques, encapsulants , and 
automated -asse^ly studies. Nine more contractors have been 
selected to perform additional technology investigations and 
their contracts are being negotiated. Additional Contracts 
will be issued in the future as promising ideas appear. 
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niLE; 


Quarterly Report, April 1976— June 1976 


OGRFORATE AUTH: 
DATE: 

REPORT NO: 
ABSTRACT: 


Jet Propulsion Laboratory 
October 1976 

ERDA/JPL-1012-76/6 and 5101-7 

Activities and progress of the L5SA Project during April, 
May, and „Xjne 1976 are described. This involved the 
awarding of additional contracts, an evaluation and 
clarification of plans and working relationships with 
contractors, the receipt of initial technical results, and 
an expansion of activity in the evaluation and iinproveoKint 
of The Solar Cell Mcxlules that are included in the project's 
first procurement (46 kilowatts). Fbr the most part, the 
new manufacturing technology is being developed under 
contract by industries and universities. It includes 
consideration of new silicon-refinement processes, silicon 
sheet -growth techniques, encapsulants, a^ 
automated -assembly ^oductlon. During this report period 
analytical and experimental accou^lishments resulted from 
day-to-day activities that are tiie early efforts of a long 
range plan. Thirty-one contracts have been awarded and two 
more are being negotiated. Five companies have delivered 20 
kilowatts out of a total purchase of 46 kilowatts of 
"off-the-shelf" modules that will be used in ERDA's Test and 
Demonstration Activities. The same five companies have just 
been awarded contracts for the purchase of 130 kilowatts of 
semistandard ized modules at an average selling price of 
$15.50 per watt. (WEM) 
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TITIE; 


OORFORAIE AU1H: 
DAIE: 

REPORT R): 
ABSTRACTT: 


low*Ooet Silicon Solar Array Meet Quarterly Report-2, 

July 1976— Sei^eoi>er 1976. 

Jet Propulsion Laboratory 

1976 

PRDA/JPL-1012-77A and 5101-10 

Ihe potential for future widespread use of photovoltaic 
»/atens for d>e generation of electric power was die 
motivation for the establishaent , to January 1975, of die 
photovoltaic wOnveraion program ^ ERDA*s division of solar 
eiergy. The program's activities are planned to develop and 
to promote the use of photovoltaic s^tems to sudi on extent 
that the private sector will pre iuce and utilize 
cost-competitive photovoltaic systems. As part of the ERDA 
program, die lo» -Cost Silicon Solar Array Project (LCSSAP) 
was established in January 1975. The project objective is 
tx> develop the national capability to produce low-cost, 
long -life photovoltaic arrays at a rate greater than 500 
tiiegawatts per yecr and a price of less $500 per 
kilowatt peak by 1986. 
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TITLE: 


OtEPORATE AimCR: 
DATE: 

REFGRT ND: 
ABSTRACT: 


LSSA Project Quarterly Report 3, October 1976-Deceniber 1976 

Jet Propulsion Laboratory 

1976 

ERDA/JPL-1012-77/2 and 5101-24 

The potential for future widespread use of photovoltaic 
systems for the generation of electric power was the 
motivation for the establishoient, in Jaiujary 1975, of the 
photovoltaic conversion progran by ERDA's Division of Solar 
Qnergy. The program's activities are planned to (tevelop and 
to promote the use of photovoltaic systems to such an extent 
^t the private sector will produce and utilize 
cost-ccmpetetive photovoltaic systems. As part of the ERDA 
prc^am, the Low-cost Silicon Solar Array Project (LSSA) was 
established in January 1975. The activities and progress of 
Che LSSA Project during the months of October, November, and 
December 1976 are described. The Project objective is to 
develop the Natiorial capability to produce low-cost, 
long-life photovoltaic arrays at a rate greater than 500 
megawatts p?r year and a price of less than $500 per 
kilowatt peak by 1986. The array performance goals include 
an efficiency greater than lOX a^ an operating lifetime in 
excess of 20 years. The approadi is to reduce the cost of 
solar cell arrays by improving solar array manufacturing 
technology and by increasing solar array production capacity 
and qumitity. Fbrty-seven contracts have been awarded to 
date, to industrial firms and university and independent 
laboratories for experimental work, process development and 
analysis, technology assessment, and the production of 
solar -array modules. Approximately 58 kW of 
state-of-the-art modules have been delivered; design 
development is under way for a second block of moderately 
advanced modules, and planning for subsequent module 
procurements has begun. 
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TITLE: 


OQRFORATE AUIH: 
1]AIE: 

REEOIT MO: 
ABSTRACTS 


Low Cost Solar Array Project Report. 5th Project Integration 
Meeting. 

Jet Propulsion Laboratory 

January 1977 

5101-18 

The Fifth Project bitegration Meeting (PIM) was held January 
17 and 18, 1977 at the San Diego Hilton Hotel, held in 
sequence with the EXU>A Semiannual National Solar Photovoltaic 
Review. 

The d?Jectives of the Fifth PIM were to integrate the LSSA 
Project technical plans and activities, to ^sess Project 
activities in the areas of hi^er efficiencies, cx>sts, 
economics, and manufacturing; to exchange tedmic:al data at 
the working level and provide an cjverview of LSSA Project 
technical plans and status. 

The two major topics covered were c»st versus efficiency and 
manufacturing processes for solar cells and solar arrays. 
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TITIE; 


OQRFGRATE ALHH: 
REPORT NO: 
ABSTRACT; 


L5SA Low-ODSt Silicon Solar Array Project* ftoject 
Quarterly Report - A for the period January 1977 - March 1977 

Jet Propulsion Laboratory 

DOE/JPL-1012-77/3 - 5101-32 

This report describes the activities of the low-Gost Silicon 
Solar Array Project during the period January throu^ March 
1977. The LSSA Project is assigned responsibility for 
advancing silicon solar array technology while encouraging 
industry to reduce the price of arrays to a level at whidi 
photovoltaic electric power systems will be competitive with 
more conventional power sources early in the next decade. 

Set forth here are the goals and plans with which the 
Project intends to aconplish this, and the progress that 
was made during the quarter. 

The Project objective is to develop the national capability 
to produce low-cost, long-life photovoltaic arrays at a rate 

t reater than 500 megawatts per year and a price of less tbmi 
500 per kilowatt peak by 1986. The array performemce goals 
include an efficiency greater than 10% and an operating 
lifetime in excess of 20 years. 
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TITLE: 

OGBPORATG 

DAIE: 

REPORT NO: 
ABSIRACTS 


Law Cost Sc.ar Array Project Report. 6th Project Integration 
Meeting. 

AUIH: Jet Propulsion Laboratory 
May 4-5, 1977 
5101-29 

Ihe Sixth LSSA Project Integration Meeting (PIM) was held May 
4 and 5, 1977, on the csd^us of the California Institute of 
Tedmolc^. Invitation controlled attendance included 
Project participants form JPL and all LSSA Contractors, 
together with representative of the ESDA Program Office and 
many agencie participating in the Prograni as will as the 
new Director of the Solar Biergy Research Institute and 
special invitees. 

Ihe general objectives of the PIM were to Integrate the LSSA 
Project technical plans and activities, with specific 
eoiphasis on a review jf ingot technology relative to meeting 
Project goals of $2/watt (1982) and $0.55/watt (1986); to 
discuss and straigthen the technical interfaces within the 
LSSA Project tasks and between the LSSA Project and other 
^DA Photovoltaic Program elemmits; to exchange technic:al 
data, and to provide an overview of LSSA Project techmical 
plans and status. 

A special review of ingot technology in the ligjht of interim 
cost goals was conducted at this meeting, as well as the 
normal task -level reviews, inter -task sessicxis, and general 
discussicxis . 
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TITLE; 

OORFGRATE 

EATE: 

REPORT NO: 
ABSTRACT: 


Low-Oost Silicon Solar Array Project. I^oject Quarterly 
Report 5, April l977--.Kttie 1977. 

AUTH: Jet Propulsion Laboratory 

1977 

DOE/JPL-1012-77/4 and 5101-46 

The activities of the kw-Cost Silicon Solar Array Project 
during the period April tiirough June 1977, are describe. 

The LSSA Project is assigned responsibility for advancing 
silicon solar array tedmology while encouraging industry to 
reduce the price of arrays to a level at whidi photovoltaic 
electric power systems will be competitive with iDore 
conventional power systems early in the next decade. Set 
forth here are the goals and plans with which the project 
intends to accxxnplish this, and the progress that was made 
during the quarter. The project objective is to develop the 
national capability to produce low-cost, long-life 
photovoltaic arrays at a rate graater dian 500 megawatts per 
year and a price of less than $500 (in 1975 dollars) per 
kilowatt peak by 1986. The array performance goals include 
an efficiency greater than 10% and an operating lifetime in 
excess of 20 years. The LSSA Project contractors and their 
technology areas are tabulated and discussed. 
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TITLE: 


CORPORATE AUTHOR: 
OATE: 

RQ>QRT NO; 
ABSTRACT: 


LSA Project Quarterly Report No. 6, July - Septeoi>er 1977 

Jet Propulsion Laboratory 

1977 

DOE/JPL-1012-78/2 and 5101-55 

The activities of the Low-Cost Solar Array Prc^^ct during 
the period July through Septenber 1977 are described. The 
I5SA Project is assigned responsibility for dancing 
silicon solar array technclo^ while encouraging industry to 
reduce the price of arrays to a level at which photovoltaic 
electric power systems will be competitive with more 
conventional power sources early in the next decade. Set 
forth here are the goals and plans with which ^e Project 
intends to acoon^>lish this, a^ the progress that was made 
during the quarter. The Project (^jective is to develop the 
national ca^bility to produce low-cost, long-life 
photovoltaic arrays at a rate greater than 500 megawatts per 
year at a price of less than $500 per kilowatt peak by 
1986. The arr^ performance goals include an efficiency 
greater than 1(A and an operating lifetime in excess of 20 
years. 
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TITLE; 

CORPORATE 

DATE; 

REPORT NO: 
ABSTRACTS 


low Oo8t Solar Array Project Report. 7ch Project Integration 
Meeting. 

AUTH: Jet Propulsion Laboratory 
Ajgust 10-11, 1977 
5101-37 

The Seventh LSSA Project Integration Meeting (PIM) was held 
August 10 and 11, 1977, on the campus of the California 
Institute of Technology. Invitation -controlled attendance 
included Project participants from JPL and all LS^ 
contractors, together with representatives of the ERDA Solar 
Program Office and many other agencies participating in the 
Program. 

The objectives of this PIM were to review recent technical 
advances in light of the 1982 and 1986 goals ; to orient the 
participants in this somewhat new state of the art in order 
to maintain direction toward the requirements of the 1982 and 
1986 goals: to discuss and strengths technical Interfaces 
within and among LSSA Project elements mid between the LSSA 
Project and other ERDA Ehotovoltaic Progran elements, and to 
exchange technical ciata and to invite challenges to this data 
that may only effectively occur during face-to-face meetings. 

A special review of progress relative to the 1982 goal of 
$2/watt was conducted at this meeting, as well as task -level 
reviews, inter -task sessiora, and gmieral discuss icxis. 
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TITLE; 

OGRPORATE AinHQR: 
DATE: 

REPORT NO: 
ABSTRACT: 


LSA Quarterly ProJ^iCt Report Mb. 7 Ibr the Period October 
1977 - December 1977 

Jet Propulsion laboratory 

October 1977 

DOE/JOL/1012-78/13 and 5101-81 

This report describes the activities of the Low-cost Silicon 
Solar Array Project during the period October tbrou^ 
DeceoDber 1977. The LSSA Project is assigied responsibility 
for advancing silicon solar array tectmology while 
encouraging industry to reduce tite price of arrays to a 
level at which photovoltaic electric power systems will be 
conpetitive with inore conventional power sources early in 
the next decade. Set forth here are the goals and plans 
with which the Project intends to acccmplisb national 
capability to produce low-cost, long-life photovoltaic 
arrays at a ra^e greater than 500 megawatts per year and a 
price of less dian $500 per kilowatt peak by 1986. The 
array performance goals include an efficiency greater than 
10% and an operating lifetime in excess of 20 years. 
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TITLE; 

GGRK7ATE ALmi: 
TATE: 

REPORT ND: 
ABSTRACTS 


low Goat Solar Array Project. Prodeedlngs: 8th Project 
bitegration Meeting. 

Jet Propulsion Laboratory 

DececDber 7-8, 1977 

5101-52 

The 8th LSA Project Integration Meeting (PIM) was held 
Decatber 7 and 8, 1977, on Hie campus of the California 
Institute of Ttechnology. Ihvitation-cxxitrolled attendance 
included Project participants from JPL and all LSA 
contractors, together with representatives of the DOE 
Division of Solar Tectmology and other agencies participating 
in the Program. 

The following hi^li^ts were noted at this PIM: 

1. Tedmology developments required for the production of 
$2/V modules. 

2. Silioxi sheet progress. 

3. Solar Array Manufacturing Industry Costing Standards 

(smics). 

4. Field performance of Block 1 and II modules. 

5. OivirooDiental tests for uncovering TOtential failures 
modes for modules installed in the field. 

6. Elimination or control of the photon -induced instability 
phaiomenon. 
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TIIUE: 

OGRPORAIE AinH: 
REFCET NO: 
ABSTRACT: 


Project Qjarterly Report - 8 for the period January 1978 - 
March 1978. 

Jet Propulsion Laboratory 
DOE/JPL-1012-2 - 5101-88 

This report describes progress made by the Low-Cost Silicon 
Solar ^ray Project during the period January through March 
1978* It includes task reports silicon material 
processing, large'^rea silicon sheet development, 
encapsulation materials testing and developoient , Project 
engineering and operations, and manufacturing techniques, 
plus tbe steps taken to integrate these efforts. 
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niLE: 


PROCEEDIMCS; 9th Project bitegration Meetii^ 


OORFCX(AIE AUTH: 
DATE: 

REPC3RT NO: 
^STOACT: 


Jet Propulsion Laboratory 
1978 

JPL 5101-67 

Invitation -controlled attendance at Che meeting included 
Project participants from JPL and LSA Project contractors, 
togetoer with representatives of the DOE Division of Solar 
Ibdmology and other agencies participating in toe 
photovoltaic program. The status of toe JPL Low-Cost Solar 
Array Project is described in detail. The report includes 
the following sections: (1) Project Analysis and 

Integration, (2) Technology Development ^ea (Silicon 
Material Task, Large Area Silicon Sheet Task, and 
Bicapsulation Task), (3) Production Process and Equipment 
Area, (4) Bigineering Area, and (5) Operations Area. 
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TITLE: 


CX}RF0RA1E AimCR: 
EATTl: 

REPORT NO: 
ABSTRACT: 


LSA Pcolarc Qiiartarly Report No. 9, April<Oune 1978 

Jet Propulsion Laboratory 

1978 

DOE/JPL-1012-3 and 5101-99 

Progress made by tbe Ixw-cost Solar Array Project during the 
period April through June 1978 is described. It includes 
reports on silicon material processit^, large-area silicon 
sheet development, encapsulation materials testing and 
development, project engineering and operations activities, 
and manufacturing techniques, plus the steps taken to 
integrate these efforts. 
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TITLE: 

CORPORATE Atmi: 
REPORT NO: 
ABSTRACT: 


Project Quarterly Report - 10 for the period July 1978 - 
Septcnber 1978 

Jet Propulsion Laboratory 

DOE/JPL-1012-4 - 5101-100 

This report describes progress made by the LoM-Goet Solar 
Array Project during the period July throng Septenober 
1978. It includes reports on silicon material processing, 
large-area silicon sheet development, encapsulation 
materials testing and development. Project engineering and 
operations activities, and manufacturing tedmiques, plus 
the steps taken to int^ate these efforts. 
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TIILE: 


OORFORAIE AUIH: 
CATE: 

REPORT M): 
ABSIRACTS 


Low Cost Solar Array Project. Prodeedings: lOcb Project 
Integration Meeting. 

Jet Propulsion Laboratory 

August 16-17, 1978 

5101-66 

The 10th IJSA Pro jet t bitegration Meeting (PIM) was held 
August 16 and 17, 1978, on the campus of the California 
bistltute of Tbdinology. Invitation -controlled attendance 
included Project participants from JPL and LSA Project 
contractors, together with representatives of the DOE 
Division of Solar TIedvtology ffixi other agencies participating 
in the Ihotovoltalc Program. 

A Metallization Nbrkshop was held on Tbesday, August 15. 
Presentations were made on recent work in established 
tedmologles sudi as plated and thick film techniques and on 
novel methods. 
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TITLE: 

QORFQRATE MJTHi 
REPORT N): 
ABSTRACT; 


Quarterly Report - 11 for the period October 1978 - Oeoadber 
1976 and Proceeding of the 11th Project Integration MMting. 

Jet Propula ion Uboratory 

DOE/JPL-1012-26 and 5101-109 

Thia report deacribea progreaa made by the low-Qoat Solar 
Array Project during the period October through Dacenber 
1978. It includea taak reporta on allicon material 
proceeaing, large-area ailicon aheet development, 
encapeulation mater iala teating and development. Project 
engineering and operations, and manufacturing techniques , 
plus the steps taken to integrate these efforts. It also 
includea a report CiO mod coplea of viewgrapha presented at 
Che Project Integration HMting held Dscember 13-14. 1978. 



TITLE: 


OOBFORATE AUIH: 
E^TC: 

REPORT NO : 
ABSTRACT: 


LSA Progress Report 12, January - April 1979 and Rroceedii^ 
of the 12th Project btegration Meeting 

Jet Propulsion Laboratory 

1979 

DOE/JPL/1012-27 and 5101-112 

This report d^cribes progress made by tiie Low-Cost Solar 
^ray Project during the period January through April 1979. 
It includes reports on Project Analysis and Int^ation; 
Technology Development in Silicon tfeterial, Large-Area Sheet 
Silicon, and Bicapsulation; Production Process md Equipment 
Development; Bigineering and Operations, sid a disoBsion of 
the steps taken to integrate these efforts. It Includes a 
report on, and copies of viewgraphs presented at the Project 
Integration Meeting held April 4-5, 1979. 
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TITLE: 


OQRRKATE AUIH: 
REPORT NO: 
ABSTRACT: 


Progress Report 13 for the Period April 1979 thru August end 
Proceedings of the 13th Project Integration Meeting 

Jet Pr<^lsion l^x>ratory 

DOE/JPL-1012-29 and 5101-133 

This report describes progress made by die Low-Cbst Solar 
Array Project during the period April through August 1979. 

It iiKrludes reports on project analysis and integration; 
tedmology develqpnent in silicon material, large>area sheet 
silicon, and encapsulation; production process and equipment 
development; engineering ai^ operations, and a discussion of 
the steps t^en to integrate d>ese efforts. It includes a 
report on, and copies of viewgraphs presented at, the 
Project Integration Meeting held Aug^t 22-23, 1979. 
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TITLE: 


Process Report 14 for the period Ajgust 1979 to Dsoenber 
1979 and Proceeding? of the I4tlt Project Iht^ation Meeting. 


OORFGRAIE AITIH: 
REPORT NO: 
ABSTRACT: 


Jet Propulsion Laboratory 
DOE/JPL-1012-42 ad 5101-142 

This report describes progress made by the Low-O»t Solar 
Array Project during the period Augimt dirough November, 
1979. It includes reports on project analysis and 
integration; technology develc^nent in silicon material, 
large^rea sheet silicon, and encapsulation; production 
process mod equipnent development; engineering, mid 
(^lerations, and a discussion of the steps taken to integrate 
these efforts. It includes a report on, and copies of the 
visual materials presented at, tte Project Integration 
Meeting held December 5-6, 1979. 
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TIUE: 

OQRFGRAIE 
REPORT NO 
ABSTRACT: 


Progress Report 15 for the period Deceoober 1979 to April 
1980 and Proceedings of the 13tii Project Integration Meeting. 

AUTH: Jet Propulsion Laboratory 

DOE/JPL-1012-A4 and 5101-151 

This report describes progress made by the low-Q»t Solar 
Array Project during the period December 1979 to ^il 
1980. It includes reports on project analysis and 
integration: tedmology development in silicon material, 
large*area silicon sheet and encapsulation: production 
process and equipment development: engineering, and 
operations. It includes a report on, and copies of visual 
presentations made at, the Project Integration Meeting held 
April 2 and 3, 1980. 
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niLE: 


CXKFORAIE AUIH: 
REPORT NO: 
ABSTRACT: 


Progress Report 16 for the Period to Septeoi>er 1980 
and Pro<xedings of the 16tii Project Integration Meeting. 

Jet Propulsion Laboratory 

DOE/JPL-1012-51 and 5101-160 

This report describes progress made by the Low-Gost Solar 
Array ^oject during tte period April to Septeniber 1980. It 
includes reports on project analysis and int^ation; 
technology development in silicon material, large-area 
silicon sheet and encapsulation; production process and 
equipment development; engineering, and operations. It 
includes a report on. and cc^ies of visual presentations 
made at, the Projec*- Integration Meeting held September 24 
and 25, 1980. 
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TITLE: 


Prc^efls Report 17 for the Period Septanber 1980 to February 
1981 and Proceedings of the 17th Project Integration Meeting. 


OORPORATE AITIH: Jet Propulsion laboratory 

REPORT NO: DOE/JPL-1012-54 and 5101-172 

ABSTRACT: This report describes progress made by the Low-Oost Solar 

Arr£^ Project during the period September 1980 to February 
1981. It includes reports on project analysis and 
integration; technolo^ development in silicon material, 
large-area silicon sheet and encapsulation; production 
process and equipment development; engineering, and 
operations. It includes a report on, and copies of visual 
presentations made at, the Project fotegratiori Meeting held 
at Pasadena, Calif, on February 4 and 5, 1981. 
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TITLE; 


OGRFGRATE AUIH; 
REPORT NO: 
ABSTRACT: 


Progress Report 18 for tBe Period February to July 1981 and 
Proceedings of the 18th Project Integration Meeti^ 

Jet Propulsion Laboratory 

DOE/JPL-1012-58 - 5101-186 

This report describes progress made by the Inw-Gost Solar 
Array Project during the period February to July 1981. It 
Includes reports on project analysis and integration; 
tedmology developnent in silicon material, large-area 
silicon sheet and encapsulation; process development; 
engineering, and operations. It includes a report on, and 
copies of visual presentations made at, the Project 
Integration Meeting held at I^sadena, California, on July 15 
and 16, 1981. 
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TITLE: 

CXKFORATE AUIH: 
DATE: 

REPORT NO.- 
ABSTRACT: 


ELecCricity from Photovoltaic Solar Cells Iow-Q>st Solar 
Array I^oject. Displayed at the 15th lE^ Photovoltaic 
Specialists Conference, May 1981 Revised for Project 
Integration Meeting* 

Jet Propulsion Laboratory 

July 1981 

5101-178C 

This is a copy of all display material. 
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TITLE: 


Progress Report 19 for the Period ^ly to Novenber 1981 and 
Proceedings of the 19di Project Integration Meeting. 


CORPORATE AUTH: 
REPORT NO: 
ABSTRACT: 


Jet Propulsion Laboratory 
DOE/JPL-1012-67 and 5101-194 

This report describes progress made by the Flat-Plate Solar 
Array Project (formerly the Low-Cost Solar Array Project) 
during the period July to Novedber 1981. It Includes 
reports on project analysis and integration; technology 
research in silicon material, large area silicon sheet and 
environmental isolation; cell and module formation; 
engineering sciences, and module performance and failure 
analysis. 

It includes a report on, and copies of visual presentations 
made at, the 19th Project Integration Meeting (PIM) held at 
Pasadena, California, on Noveoiber 11, 1981. This PIM was a 
one day meeting, consisting primarily of parallel technology 
sesions. TWo limited-attendance workshops were conducted on 
the day before the PIM: one on silicon materials and 
crystal -growtii tedmology, and one on solar -cell and module 
technology. A two-day short course on the Solar Array 
^fanufacturing Industry Costing Standards (SAMICS) was held 
following the PIM. 


32 


TITLE: 


OCEFGRAIE Aimi; 
REPORT NO: 
ABSIRACT: 


Proness ReporC 20 for the Period Nbvenber 1981 to April 
1982 and Proceedings of the 20th Project Integration Meeting. 

Jet Propulsion Laboratory 

DOE/JPL-1012-71 and 5101-209 

This report describes progress made by the Flat-Plate Solar 
Array Project during the period Fbveonber 1981 to April 
1982. It includes reports on project analysis and 
integration; tedmology research in silicon material, large 
area silicon sheet and environmental isolation; cell and 
module formation; engineering sciences, and module 
performance and failure analysis. 

It includes a report on, and copies of visual presentations 
made at the 20th Project Integration Meeting (PIM) held at 
Pfisadena, California, on April 21 and 22, 1982. This report 
also contains the presentations made by various speakers 
during the plenary session. 
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.mSNnOflAUI QL^ 


TITIE 


The Cost of Ehergy fron Utility - Owned Solar Electric 
Systeon. 


AUTHOR: 

CJORPORATE ALTIH: 
DATE: 

REPORT W: 
ABSTRACT: 


J. W. Ooane, R. R. O'Tbole, R. G. Chamberlain, P. B. Bos and 
P. D. Haycock 

Jet Propulsion Laboratory 

June 1976 

ERDA/JPL/-1012-76/3 - 5040-29 

This methodology calculates the electric energy busbar cost 
from a utility-owned solar electric system. This approach 
is applicable to both publicly - and privately-owned 
utilities. Busbar cost represents the minimum price per 
imit of «iergy consistent with productipg system-resultant 
revenues equal to the sum of system-resultant cost. This 
equality is expressed in present value terms, where the 
discouit rate used reflects the rate of return required on 
invested capital. Major input variables describe the output 
capabilities and capital cost of the aiergy system, the cash 
flows required for system operation and maintenance, and the 
financial structure and tax enviroranait of the utility. 
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TIILE: 


AUIH3R: 

OORFORAIE 

DATC; 

REPORT NO: 
ABSTRACT: 


The Penetration of the International Mar'ret by Dcmeatically 
Produced Fhoto^^ltaic Power Systems: A Survey of Recent 

Estimates. 

G. M. Ziman and J. L. Smith 
AUIH: Jet Propulsion Laboratory 

1975 
5101-75 

Lncreasing interest in the potential market for photovoltaic 
power systems in foreign countries, particularly the lesser 
develop^ countries, has prompted a review of several 
studies that have attempted to quantify diat market. The 
express purpose for this review is to see if aijy kind of 
consensus for foreign market size exists among those 
studies, and to judge whether such estimaces can reasonably 
be done at all. 

As expected, it has been found that estimating suui markets 
is quite difficult. Various approaches have been Cried, 
each with differing degrees of credibility, and a wide range 
of estimates has been produc:ed, thus failing to 
substantially reduce the uncertainty associated widi that 
market. This report presmits and compares those estimates 
for the period 1984-86 from the studies referred to above 
(References [1], [2], [8], and [13]), and a discussion of 
factois not easily quantifiable (both favorable and 
unfavorable) that will impact photovoltaic pcTwer systems 
sales in foreign markets is included in Section II. A 
simnary cf the report and conclusions drawn is presented as 
Pirt III, and the methods used to derive the estimates arc 
discussed in the Appendix. 
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TITLE} 

AUnCR: 

OQRF()RATE AIHII: 
DATE: 

REPORT NO: 
ABSTRACT: 


Preliminary Analyala of Induacrial CSrowCh and the ftecora 
that Affect; Induatrial Growth Rates 

Edward Gdelaon and Ttm K. Lae 

Jet Propulsion Laboratory 

January 1976 

5101-lA 

Research on the experience of growth in industries other 
than silicon solar arrays has been undertaken to provide a 
perspective on the goals established for the U, S. 
Riotovoltaic Qonversion Progrm. Oonparative infonnation on 
the growth experienced by other industries will provide 
important research questions that must be acMressed if the 
goals are to be achieved. Presently, this work has been 
conducted at three levels. The first level is ^ely 
analytical, and applies mathematical equations describing 
export ial growth and linear growth to the goals stated for 
the L^SA project. In the fraaawork established by tt^ese 
equations, the growth rates implied by the LSSA ^Is may be 
computed. At the second level, some interpretation of these 
rates is provided by comparing them to growth rates 
experienced by other industries. Although a historical rate 
of growth is only a superficial indication of an industry's 
development, it does provide a first-order indicator of what 
levels of growth differmt industries have been able to 
achieve in Che past. The use of growth rate comparisons 
does not detract from the io^rtance of examining, in 
detail, those factors that determine the rate of growth. 

The factors presently under consideration are; 

1. Uvel of Industry invesonmit. 

2. Government subsidization and incentives. 

3. (bverrunent regulation. 

4. GoB^tition within the industry and with other 
industries. 

b. Market characteristics. 

6. Consumer behavior. 

Because information on these constraints and incentives is 
necessary to understand the observed growth rates, the third 
level of research is a case study on one relevenC industry 
Co examine what constrains and motivates an industry. 



lh« nuclMr industry, snd apscifieslly th« civiU«n nucl*ar 
rssctor program, was sslsctw for ci « following two rwssons: 

(1) lb« sxtanaivs gousrwwnt RfiiD suqppmrt md tht 
particioiiticjn by ths govwnMnt in s progrin to 
coransrcUliss th« v»s of nuclssr I'sactn^s providss s good 
Analogy to ths U. S. RH>tovoltaic (hnvsraion Progran, ttoy 
of ths problams facsd in ths sarly ywra (1954 - 1967) of 
nuclsav rsactor dsvslopnant will undoig>twdly bs facsd by ths 
Photovoltaic Gonvsralon Program, During thWs sarly ysara, 
ths fsdsral gpvsrrmsnt was trying to dsnonatrats ths 
tschnical and ccnmsreial fsaaibility of nuelsar rsactors 
ths gsnsration of slsctricity, 

(2) Bscauas of ths similarity of ths two programs, it is 
important that JPt and ths National Pc^ram ut^ratand ths 
injxlications and Issaona to bs Isarnsd Iron ths civilian 
nuelsar rsactex- dsvslopmsnt program. 

As far aa ths Isasons to bs Isamsd from ths nuelsar 
sxpsr lanes, ths nsesasary rsasareh includsa an jnalysia of: 

1. Ihs rols and sxrsnt of govsrrmsnt H&D. 

2. ihs atrmxgth emd wsaknsaa of diffsrsnt typsa of 
lovsrnrosnt incsntivsa, 

3. Tlw typs of indimtry partleipatlon rsquirsd. 

Ihia Tsport provictos information on ths rsasareh com^stsd 
Co date in this arsa. Ihe mathematical work on ths first 
two Isvsla of rsasareh haa been ccn^lstsd. Vbrk on ths eats 
atudv of the nuclear experience haa juat begun. Naesaaary 
extenalona of the research are noted throughout ths report. 
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TITLE: 


ALnWR: 

C3QRF0RATE Aimi: 
lATE: 

REPORT NO: 
ABSTRACT: 


The Goat of Bnergy from Utility - Owned Solar Electric 
Syatema. 

J. W. Doane, R. R. O'Tbole, R. G. Ghanberlain, P. B. Bos and 
P. D. Haycock 

Jet Propulsion Laboratory 

*>jne 1976 

ERDA/JPL/-1012-76/3 - 50«)-29 

This methodology calculates the electric energy busbar cost 
frco a utility-owned solar electric system. This approach 
is applicable to both publicly - and privately-owned 
utilities. Busbar cost represents the minimum price per 
unit of energy consistent with producing system-resultant 
revalues equal to the sun of system-resultant cost. This 
equality is expressed in present value terms, where the 
discount rate used reflects the rate of return required on 
invested capital. Major input variables describe the output 
capabilities and capital cost of the energy system, the cash 
flows required for system operation and maintenance, and the 
financial structure and tax environment of the utility. 
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TmE: 


AimCR: 

OORFORAIE AUTH: 
DATE: 

REPORT NO: 
ABSTRACT; 


U)w-OD8t Silicon SoIat Arvay Project. Solar Array 
Manufacturing Industry Creating Standards. SANICS Vbrkbook. 
Version I. 

Robert G. ChaoDberlain 
Jet Propulsion Laboratory 
Septonber 1977 
5101-15 

The Solar Array Manufacturing Industry Costing Standards 
(SAMICS) provide srand«rd formats, data, assuo^tions, and 
procedures for estimating the price that a manufacturer 
«xxjld have to charge ior the product of a specified 
manufacturing proc; ss seqience. 

This document Ulustrates those formats, states the 
assunptions, i presents the procedure with step-by-step 
instructior.s t^r Its application. 
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TITLE: 


AimCR: 

CORPORATE AUTH: 
DATE: 

REPORT NO.- 
ABSTRACT: 


Interim Price Estioiatioii Guidelines: A precursor and an 
Aljunct to SPtllS III. 

Robert W. Aster and Robert G. Chaoberlain 

Jet Propulsion Laboratory 

Septeonber 1977 

5101-33 

The problem of estimating the market price of a product diat 
is obtainable from an unproven technological process is a 
very difficult one. Direct costs can be estimted much more 
easily. However, if one can then estimate the indirect 
requiranents for both the process and the organization 
employing the process, then a total cost estimate is 
possible. If this total cost includes estimates of all the 
production, administration, and financial costs, then tiie 
result is the minimun price that a firm requires to enter 
the market with that given process. 

This problem faces the LSSA Project, whidi is charged with 
the task of developing tecdmological processes which meet 
certain price goals. Accordingly, there have been nunerous 
cost models developed by various Project elemaits. A 
growing need has been recognized for a standard methodology 
which allows (1) relative comparisons of the potential 
prices attributable to competing processes, and (2) a best 
possible estimate of the actual price obtainable from a 
process . 

The Solar Array Manufacturing Industry Simulation cooqxjter 
program, SAMIS, will be a powerful tool for producing 
accurate, comparable estimates of the prices implied by 
sequences of manufacturing processes. SAMIS will not, 
however, be available for several months, and price 
estimates are being made now by various Project elements. 

Tb provide a basis for consistency amcxig these estimates, 
this doament establishes an interim standard method to be 
used throug^KXJt the LSSA Project (except in the Silicon 
Material Task, where the Lamar Lhiversity prodedure may be 
better suited than this interim standard method). 
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QORFGRATE AUIH: 
DATE: 

REPORT NO: 
ABSTRACT: 


Solar Array Mmufacturing IndiMtry Coating %«idarcls. 

Robert G. Chaoiberlain and Robert W. Aster 
Jat Propulsion Laboratx>ry 
March 1978 
5101-59 

The Solar Array Manufacturing Industry Costing Standards 
(SAMICS) are prepared by the LSSA Project Analysis and 
Integration Area and are intsncM to provide a standard 
proc^ure and data base for estimating, from d^criptions of 
uhe manufacturing processes, the price at whid> solar 
modules would have to be sold to realize a specified 
after-tax rate of return on equity. 

The first few weeks of use of the Solar Array Manufacturing 
Industry Costing Standards, along with the exercise we 
perform^ prior to the Ei^th LSSA Project Integration 
Meeting in Decenfcer, have led to some very penetrating 
questions . 

The purpose of this docuDoent is to answer those questions 
and to clarify and/or establish how to handle tine following 
topics : 

1. Elimination of the 42 -hour work week 

2. Qearer labels on Fbrmat A and on Process and Company 
Ubrk Sheets 

3. Relief labor 

4. Partial inspection processes 

5. Ebrmat A Gblum A22 - amount required per batch 

6. Processes that draw power even when not in use 

7. Ebrmat A Line A6 and Oolunn A26 - output rate and yield 
factor 

8. Rework loops 

9. Processes that use parts that require processing 

10. More general rework loops 

11. General technological loops 

12. Integer izat ion of nvmhers of people and machines 

13. Uhen to burden and whmi not to burden materials and 
supplies. 
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AUIHQR: 

OGRFORAIE AinH: 
DATE: 

REPORT NO: 
ABSTRACT: 


Historical Bkridacica of biportanca to tbs industrialisation 
of FLat-Plata Silicon Photovoltaic Systaos: Voluna I 
Executive Smnary. 

J. L. Staiith, W. R. Gates and T. Lae 

Jet Propulsion Laboratory 

April 1978 

DOE/JPL-1012-78/1 - 5101-54 Vbl. I 

This study \p«8 prepared by the Low Cost Silicon Solar Array 
Project staff on two soota^t disjoint si^jects: the 

diffusion of new industrial production technologies and the 
deteminants of success of i^wious federally funded 
demonstration projects. The research was limited to 
secondary sources. In essence, a literature search on toese 
two subjects was the primary aim of the study. 

That search led, however, to some fairly strong conclusions 
out of which specific recoDnendations for the future plans 
mxi conduct of the LSSA Project have bew derived. It must 
be emphasized that these recooniandations are made only on 
toe b^is of the evidence considered. That is, no attempt 
has been made here to incorporate toe myriad other factors 
which bear significantly on toe Project (e.g., funding 
levels or political imperatives). Thus, these 
recomnendations are not intended as a comprehensive set of 
project management reccmmoidations to toe Photovoltaic 
Progran or toe Department of toergy. They are to be viewed 
as an input into such a comprehensive set. 
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AUmOR: 

CORPORATE Aimi: 
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REPORT NO: 
ABSTRACT: 


Historical Evidence of liq;)ortance to the Industrialization 
of Flat -Plate Silicon Riotovoltaic ^steins: VbluDoe II 

J. L. Sbith, W. R. Gates and T. Lee 

Jet Propulsion Laboratory 

April 1978 

DOE/JPL-1012-78A - 5101-54 Vbl. II 

This paper is one of a continuing series of economic 
analyses conducted by the Project Analysis and Integration 
Task of the Low Cost Silicon Solar Array Project of the 
National Photovoltaic Conversion Program. The intent of 
(^ese studies is to anticipate problems which may arise as 
the Project pursues its objectives of lowering the 
proQuction cost of photovoltaic arrays to a level 
competitive with other sources of electricity, and to insure 
a snxx)th transition from govemn^t R,DSiD to private 
CGomercial production. 

The study is concerned with two somewhat disjoint subjects - 
the diffusion of new industrial production processes and the 
determinants of success of previous federally funded 
demonstration projects. The research was limited to 
secondary sources. In essence, a literature search on these 
two subjects was the primary aim of the study. 

That search led, however, to some fairly strong conclusions 
out of which specific reccmnendations for the future plans 
and conduct of the LSSA project have been derived. It must 
be eo^asized that these reccmnendations are made only on 
the basis of the evidence considered. That is, no attanpt 
has been made to incorporate the myriad other factors which 
bear significantly on the Project (e.g., funding levels or 
political imperatives). Thus, these reccmnendations are not 
a ccn^eheisive set of project managem^t reccmnendations to 
the Photovoltaic Program of the Department of Biergy. They 
are to be viewed as an input into such a comprehensive set. 

The guidance and direction for this and other studies in the 
series has been supplied by Dr. James Dbane. Separately 
issued background papers, upon whidi this study draws 
heavily, have been prepared. These papers, "Prospects for 
Innovation and Diffusion of Photovoltaic Technolo^" by Bill 
Gates, anc Sequaitial Pi lot -Demons trat ion -Gcninercial 
Strategy and Its Relation to LSSA's Industrialization Plans" 
by Tom Lee, form the basis for Sections II and III, 
respectively. 
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OFPORATE Aimi: 
DkTE: 
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ABSIRACT: 


Econcmic Analysis of a Candidate 50 cents/wpic FLat^Plate 
Photovoltaic Manufacturing Ttechnology. 

Aster, R. W. 

Jet Propulsion Laboratory 
Decenber 1978 

DOE/JPL/1012-78/17 and 5101-94 

The SAMICS Metixxlology was used to analyze the first 
candidate manufacturing sequence that could meet the LSA 
Projects 's 1986 price goal. That goal represents a 
reduction in photovoltaic prices by a factor of a hundred 
over a 10-year period, from api>roximately 50 $/wpk in 1975 
to 50 cents/wpk in 1986. The results of analysis vdtich has 
occurred since the original presentation of the 5 cents /wpk 
candidate factory at the 10th LSA Project Integration 
Meeting are described. Briefly, if a mnber of events 
occur, such as a High Cell Efficiency (14% for this 
technology), vertical industry integration, long periods of 
amortizing the initial capital investmait, and full 
utilization of a large plant, ttwn a price of 39.9 cents /wpk 
is possible. Nsnoptimal circimstances will increase tiiis 
required price, £ 0 id several of diese circumstances are 
addressed . 
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A Nonnatlve Price for a MEBiufacCured Product; The SAMICS 
Methodolc^ VoluEoe 11: Analysis. 

R. G. Chaniierlain 

AUTH: Jet Propulsion laboratory 

January 1979 

DOE/JPL-1012-79/5 - 5101-93 

The Solar Array Manufacturing Industry Costing Standards 
(SAMICS) provide standard formats, data, assunptions, and 
procedures for determining tbe price a hypot^tical solar 
array manufacturer would have to be able to obtain in the 
market to realize a specified after-tax rate of return on 
equity for a specified level of production. 

Tbir, dooment presents the methodology and its theoretical 
background. It is contended Chat the model is sufficiently 
general to be used in any product ion -line manufacturing 
environment . 

Lnplementation of this methodology by the Solar Array 
Manufacturing Industry Simulation GoofXJter progran (SAMIS 
III, Release 1) is discussed. 
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^tcoB Ecxxwmlc Analysis Msthodology and 

User^ duide. 

M. L. Slonskl 

Jet Propulsion Laboratory 

Ftebruary 1979 

5101-102 


The Energy Systms Economic Analysis (ESEA) capability is a 
flexible analytical tool which may be used for rank ordering 
(in terms of cost) alternative energy systems. The 
capability consists of a set of three computer programs, all 
developed around the same basic computational structure, 
depicted in Figure 1-1. 


The conceptual basis of the ESEA capbility is described in 
The Post of Energy from Utility-Own^ Solar Electric Systems 
(JPL 5040-29, ®IWJPL-1012-76/3), denoted hereafter as 
"USES." In particular, the ESEA capability utilizes the 
more flexible and generalized computat/onal structure 
described in Appendix E of t^e USES docuooent whidi 
incorporates a more explicit treatment of taxes and 
depreciation. 


The ESEA program set provides three related but separate 
capabilities: analysis of a single system, comparative 

analysis of two systems, and graphical representation of 
both parametric md continuous sensitivity analyses on a 
single system, cooparative analysis of two systems, and 
graphical representation of both parametric and continuous 
sensitivity analyses on a single system. The single system 
analysis produces essentially the USES output with exp^ed 
docimentation . The program produces a printed suoamary that 
contains inputs, intermediate values, a capital expenditures 
table, life-cycle cost, mt present value when applicable, 
and the busbar energy cost. 

The coQ^rative analysis contrasts two system; fc.' example, 
a system which utilizes conventional technology and a S)wtem 
which utilizes a new or alternative tectxralogy. For each 
system the program produces a printed summary in the same 
format as the single system analysis. In addition, the 
primary economic differences between the two systems are 
highli^ted. 


49 



Ibe parametric represantation provldM a graphical 
praaentation of coniinuous aanaitivitiaa on imar’^alactad 
paranatara over a aalactad ranga of valuaa. In addition It 
optionally providaa tha aingla ayatam mialyaia printad 
auDnary for tha ayatan in ^ ’baaalina" atata bafora any 
aanaitivitiaa are parformad. 

Oollactivaly, tha ESEA program padcaga offara tha analyat 
conaiderabia flaxibility, auch aa break -aven ayatam and 
aubayatem capital coata, break -even fuel costa » evaluationa 
of net praaent value and internal rate of return » and 
aanaitivitiaa of busbar energy coats to a large variety of 
factors . 
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l£M Cost Solar Array Project. TiBCimical Beadineaa 1982. 

Jet Propulsion Laboratory 
October 31, 1979 
5101-114 

The need to find new methods to economically generate enough 
electrical power to meet future demand motivated the 
establistment of tlie Photovoltaic Conversion Program in 
January 1975. The long range Program objectives developed 
are: (1) to develop the tedmology for low-cost photovoltaic 

power ^ (2) to stinulate industry to produce, market, and 
distrilMJte photovoltaic r<ystems for wid^pread residential, 
coomercial, and governmental use. The Low-cost Solar Array 
Project (L^ was established at the Jet Propulsion 
lab^atory as part of the government's pr(^an. The Project 
goal is to greatly reduce the price of flat plate solar 
arrays by i^oving manufacturing technology, adapting mass 
production techniques, and promoting user acceptance. The 
Project's approach includes the development of improved solar 
array designs and manufacturing technologies, their transfer 
and deployment to coomercial practice by industry, the 
evaluation of Che economics involved, and the development of 
the necessary photovoltaics svipply i^ustry in fra -structure 
to ensure establishment of a viable source for solar -electric 
energy systems. 

Li October 1977, the Department of Biergy (DOE) was formed 
and the LSA Project become part of the solar energy 
activities of DOE. The breadth of the Project was expanded 
to include materials other than silicon. 

The Project activities have been divided into four phases: 
technology process identification, process development 
(including quantity scele-up). Technical Readiness, and 
camnercial readiness. The first two phases have been 
completed and this document presents the plans for achieving 
Technical Readiness for Riase Three by the end of FV82. 
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R. W. Aster 

Jet Propulsion Laboratory 
January 193C 

DOE/JPL-1012-47 - 5101-68 Rev. A 

The price allocation guidelines (PAG) are an int^ated set 
of specific cost targets for several task areas within the 
Low-cost Solar Array (1^) Project. PAG is a working tool 
of ISA Project manageoient designed to provide consistent and 
i.;eaningful guidelines for costs of polycrystalline silicon 
material, sheet, cells, encapsulants , end module 
manufacturing. 

It is expected that advanced photovoltaic concepts derived 
from industry and ti>e research coonunity can be developed so 
that it will be ix>ssible by the ok! of 1982 to demonstrate 
production processes, all process steps, and prototype 
equipoient required to manufacture flat-plate photovoltaic 
mc^ules. This demonstration would incorporate production 
rates and product quality consistent with a specific market 
price determined by the program. This stage of development 
has be<ai referred to as 'Technical Readiness”. A goal of 
$C./0 per peak watt (1980 dollars) has been established for 
the cost of electricity generated by photovoltaic mcdules. 
The processes for producing modules demonstrated to be 
technically ready must be amenable to scale-up so that this 
price goal can eventually be achieved in the marketplace. 

The guidelines described in this docuneit allocate portions 
of that goal to each module component. 

Sheet materials derived from the following five technologies 
are considered: Gzochralski, heat exchanger method (HQl), 

edge-defined film growtii (EFG), dendritic web, and silieexj 
on ceramic (SOC). Each t^pe of material provides a laiique 
conbination of projected Silicon yield, cell efficiency, mid 
module packing efficiency. 

Also included are tables describing actual inflation rates 
fenrm 1975 to 1979, and projected Inflation rates to 
mid-1980. ProjecI: goals are now expressed in 1980 dollars 
rather than 1975 dollars, and these ^ibles enable conversion 
of dollar amounts from prior years (i974-1980) to their 1980 
or 1975 equivalents. 
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HEtndbook of Solar Ehergy Data for South -Eacing Surfaces in 
the Uhited States. Volime I: An Ihsolatia), Array 
Shadowing, and Reflector Augpientation Model 

Jeff H. Sinith 

ADIH: Jet Propuls i(» Laboratory 

January 1980 

DOE/JPL-1012-25 Vbl. 1 and 5101-91 Vol, I 

This handbcx}k provides estimates of average available solar 
insolation to fixed, flat-plate, south-facing collector 
surfaces at various array tilt angles at nuoerous sites in 
the Ihited States. This first volime contains average 
dally, total insolation estimates, by month, and annual 
totals for 235 locations. 'Die second and third vclimes 
contain the daily profiles by hour used to coDpjte the daily 
totals for the 235 locations (at selected array tilt angles). 

A model that estimates the direct, diffuse, and reflected 
components of total insolation on an hourly, daily, and 
monthly basis is presented. A shadow loss model and a 
reflector augmentation model providing esticmtes of the 
losses and gains associated with various fixed array 
geometries are also described. These models can be used 
with the insolation model provided or with other recorded 
data. 

A FORTRAN computer program with users guide is presented. 

The program can be used to generate additional handbook 
values or to examine the effects of array shadowing and 
fixed reflector augnentation effects on a daily, monthly, or 
annual basis. Array shadowing depends on location, array 
size, array tilt, array separation, and time. The program 
can be used to examine trade-offs between array spacing and 
insolation losses due to shadowing. The reflector 
augmentation program can be used to examine trade-offs among 
array size and tilt, separation, and reflector tilt to 
determine the combination of design values that optimize the 
econcmic objectives or technical criteria of the system. 
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Handbook of Solar Ehergy Data for Sou^**Facing Surf«:e8 in 
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Jeff H. Sknith 
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January 1980 
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Handbook of Solar Energy Dfita for SouCb-Fbcing Surfaces in 
Che IJhiCed States, \bluoe III: Average Hnurly and Ibtal 

Daily ^isolation Data for 233 localities (North Carolina - 
Wyoming) 

Jeff H. Snich 

Jet Propulsion laboratory 

January 1980 

DOE/JPL-1012-25 Vol. 3 - 5101-91 \fol. III 

Appendix D of tiie three-volime report A Hm(ftxx)k of Solar 
Energy Da*:a for South-Facing ^faces in tbe Ihit^ ^tate^ 
is presented in Volumes II ism III. It gives average hourly 
and daily total insolation estimates for 235 U.S. sites at a 
variety of array tilt angles. 

The reader should refer to Volime I for the insolation, 
array shadowing, reflector aug^lentation models, and the 
computer program used to generate th. ^>pendix. 


55 


TITLE; 


AUTHOR: 

OGRFORATE AUIH; 
DATE; 

REPORT ND: 
ABSTRACTS 


Low Goet Solar Array Project. SAMICS Input DAta Preparation. 

Robert G. Chaonb^rlain and Robert W. Aster 

Jet Propulsion Laboratory 

i^ril 21, 1980 

5101-AA, Rev. B 

The Solar Array MEmufacturing Industry Costing Standards 
(SAMICS) provide standard fom^ts, data, assumptions, and 
procedures for ^timating the price that a manufacturer would 
have to charge for the product of a specified manufacturing 
process sequence. This doament gives a line-by-line 
explanation of the standard formats that describe the 
economically important characteristics of the manufacturing 
processes and the tedmological structure of the coroanies 
and the industry. 

This revision provides an updated description of the data 
requirements of Release 3 of the SAMIS (Standard 
Assembly-line Manufacturing Industry Simulation) computer 
program. It also presents and describes the May 1980 
versions of Format A - Process Description, fbrmat B - 
Qompany Description, and Fbrmat C - Iixiustry Description. 
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Standard AsseoijlyoLlne bfanufacturing Industry Simulatiop . 
(SAMIS) Computer Program User's Gbide - Release 3. 

Raul J. Flmett 

ALTIH: Jet Propulsion Laboratory 

April 1980 
5101-60 Rev. B 

The Standard Assend^ly-line Manufacturing Industry Simulation 
(SAMIS) is a user -oriented computer program that was 
desired to model a hypothetical U. S. industry which 
manufactures silicon solar modules. These modules are used 
to generate electricity directly from sunli^t by the 
photoelectric effect. It is anticipated that this computer 
program will also be useful in producing price estimates for 
other products of production -line manufacturing industries 
and companies. 

The most important capability of the SAMIS program is its 
ability to ’’simulate” an industry described by the user. 

The results of a simulation are a set of (user -selected) 
financial reports which detail all of the requirements, 
including quantities and costs, of the companies and 
processes that comprise the industry. Because of the large 
amount of data needed to describe an industry, a major 
portion of SAMIS is dedicated to data entry a^ maintenance 
— an activity loosely referred to as model management. 

This activity requires a great deal more interaction between 
SAMIS and the user than simulation does; hence, the user 
will discover that the major portion of this document is 
concerned with describing the model management activities. 

This document is designed to serve several purposes. It is 
intended primarily to provide all instruction necessary to 
execute the progran and obtain results. Secondly, it 
provides an overview of the program philosophy. Finally, it 
provides a brief discussion of the components (entities that 
the program utilizes). User feedback is encouraged. 
Pertinent comnents should be directed to Robert G. 
Chaii)erlain at the Jet Propulsion Laboratory. 
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Stiandard Assedbly-Line Manufacturing Industry Simulation 
SAMIS Dasigp Docunent. 

R. G. Chamberlain, P. J. Fimett and M. H. Horton 
Jet Propulsion Laboratory 
April 1980 
5101-70 Rev. B 

(This report contains no abstract. It is a canputer 
run-out.) 
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SAMICS Cost Account Catalog. Version 4 

R. G. Cba3d>erlain, R. W. Aster and P. J. Fimett 

Jet Propulsion Laboratory 

April 1980 

5101-154 

Varsion 4 of the Cost Account Catalog contains cosmetic as 
well as substantive changes and io^ovements relative to 
Version 3. Inflation rates have b^ given more realistic 
values, some indirect requiremoits have been modified, 
several obsolete coomodities have been deleted, new 
coDiDodities have been added, and a substantial diange was 
made to Account B (Personnei) so that the catalog will be 
compatible witii Release 3 of SAMIS computer program. In 
order that tbe catalog maintain integrity and credibility, 
it will be updated whenever improved data become available. 
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]inp>roved Price EstimaCion Guidelines (1PB6) Coqputer IVogron 
User's Guide. 

P. J. Fimett 

AUTH: Jet Propulsion Laboratory 

November 1980 
5101-156 Rev. A 

The Improved Price Estimation Guidelines (IPEG) program is 
intended for use with tbe SAMIS progran. In a typical 
application a SAMIS simulation is executed to generate an 
IPEG input file, and then IPEG is executed to perform 
various sensitivity studies. This is a considerably cheaper 
procedure than using SAMICS for saisitivity analyses. SAMIS 
has now been modified to produce an IPEG input file; 
however, the sample IPEG input file on JPL/SAMIS may be used 
(refer to Appendix A), or another may be built with the 
system text editor. If the input file on JPL/SAMIS is used, 
the IPEG "CHANGE" conmand will allow it to represent any 
alternative system that the user may choose. 
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Improved Price EsCimation Guidelines (IPEG) Design DbcimoiC 
Release 2 

P. J. Fimett 

AUTH; Jet Propulsion Laboratory 
November 1980 
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No abstract. All computer print-out. 
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Improved Price Estimation Guidelines (IPB6) Gcmputer Progran 
Source Code Release 2. 

R, G. Chamberlain, P. J. Flmett and M. A. Miller 
AUTH: Jet Propulsion Laboratory 

November 1980 
5101-159 Rev. A 

The IPEG program is used to provide an estimate of the 
SAMIS-con^ted price of a manufactured product. The 
simplicity of the model and the speed of the program make 
IPEG very useful for performing sensitivity studies uhidi 
would be prohibitively expensive using SAMIS. The program 
design is contained in JPL Eoament 5101-158, "IPEG Design 
Dooment.” This docunent contains the SIMSCRIPT II. 5 source 
code correspondig to that design. 


62 


TITLE: 

CX]RFC]RATE AUIH: 
DATE: 

REPORT NO: 
ABSTRACT: 


Solar Array Manufacturing Industry Costing Standards 
(SAMICS): Short Course. 

Jet Propulsion Laboratory 

Novecnber 1981 

5101-196 

This document contains viewgraphs used in the Short Course. 
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Low-Gost Solar Array Project. Standard Aeaeoobly-Line 
Manufacturing Industry Simulation (SAMIS) Industry-Specific 
Cost Account Catalog. 

Paul J. Fimett 

Jet Propulsion Laboratory 

January 3, 1981 

5101-167 

When one becomes aware of the rather hi^ cost of loading the 
entire cost account catalog, which must be done for every 
simulation, it is imsediately apparent that ^e catalog 
should be as small as possible. The contents of an 
industry -specific cost account catalog, one which contains 
only the expen?;e items required by the industry being 
simulated, will vary from industry to industry. SAMIS can 
easily determine the requisite set of exp>ense items, obtain 
diem from a master catalog, and at the user's option generate 
a catalog containing only that set - an industry-specific 
catalog. This SAMIS-generated catalog, which is as small as 
possible, can be used for all subsequent simulations of the 
industry, thfortimately, this new capability, along with the 
flexibility to access both a master catalog and an 
industry-specific catalog, requires some changes to the SAMIS 
cxnmands; however, the potential cost saving for a simulation 
(13% to 20%) more than warrants the increased complexity. It 
may be noted, however, that the changes have been made in 
su^ a way that a user who does not cate to enjoy the saving 
(as might be the case if he is facing an extremely tigjbt 
deadline) need make no changes in procedure. 

Section 2 discusses the concept of an industry -specific 
catalog and how it relates to the master catalog. It also 
desrib^ how and when to apply the (new) CHECK option of the 
SAMIS SIMJLATE ccomand to g(Hierate an industry-specific 
catalog. Section 3 discusses the changes to the other SAMIS 
connands such as QUERY, FIND, and LOAD. Section 4 discusses 
the task of generating and using an industry-specific catalog 
from the point of view of both a n«« and an old SAMIS user. 
Section 3 describes changes to the National CSS procedures. 
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Flat-Plate Solar Array Project. Standard AeaeDbly-Llne 
Meinufacturing Industry Simulation (SAMIS) Oomputer Progron 
Source Code. 

Robert G. Cbanberlain and Paul J. Firnett 
Jet Propulsion Laboratory 
DeceoDber 15. 1981 
5101-71, Rev. C 

The SAMIS computer prograa constructs a model of a 
hypothetical manufacturing industry. Ocplanatory isaterial 
(objectives, expected future changes, and acknowledgements) 
and the detailed design of the progron are contained in JPL 
Docunent 5101-70, Rev. C, SAMIS Design Docunent (in press). 
This docunent contains the SIMSGRIFT II. 5 source code 
corresxnding to that design* 
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FlaC-Plate Solar Array Project. SAMIS User's Reference Card. 
Jet Propulsion Laboratory 
Decasber 1981 
5101-183 

This is a Standard Asseobly Line Manufacturing Industry 
Simulatian (SAMIS) User's Reference Caru. Ib abstract. 
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Smmary Guide to Using SAMIS. 

R. E. Daniel 

Jet Propulsion Laboratory 
Ffebruary 1982 
5101-193 

It is assuned that the reader of this dociment is aware of 
the intention of the Solar Array Manufacturing Industry 
Costing Standards (SAMICS) meth^ology. 

This guide is not intended to replace the other SAMICS and 
Standard Assenbly-Line Manufacturing Industry Simulation 
(SAMIS) docunaents; it provides cross-referencing to these 
docuoaits and avoids extensive duplicati<xi. It is organized 
to present the necessary details of the industry-creation 
and computer -terminal sessions in the order in which they 
will be confronted, and concludes with a discussion of the 
interpretation on the output reports. Moreover, this guide 
will assist the new SAMICS user in the creation and 
understanding of the modeled industry. Ihe instruction 
includes the filling out of the standard forms (Formats A, 

B, and CJ and using the interactive SAMIS program before the 
actual simulation. Although the examples chosen herein are 
oriented toward Flat-Plate Solar Array Project (FSA) needs, 
they are not done to the exclusion of usefulness for other 
types of industries. 
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Introduction to SIMRAND. SlMilation of Research ANi 
Development Project. 

Ralph F. Miles, Jr. 

AUTH: Jfet Propulsion Laboratory 

March 1982 

DCE/JPL-1012-68 and 5101-204 

SIMRAND: SIMu lation of R^eardi ^ Development Projects is 

a methodology developed at the Jet Propulsion laboratory of 
the California Institute of Technology to aid the 
engineering and manageooent decision process in the selection 
of the optimal set of systeos of tasks to be funded on a 
research and development (R&D) Project. An R&D project may 
have a set of systeos or tasks under consideration for which 
Che total cost exceeds the allocated budget. Other factors 
such as personnel and facilities may also enter as 
constraints. Thus the project’s managenent must select, 
from among the complete set of systeos or tasks mder 
consideration, a partial set that satisfies all project 
constraints . The SI^®AND methodology uses analytical 
techniques of probability the , decision analysis of 
management science, and comput simulation, in the 
selection of this optimal pa'^ .1 set. 

The SIMRAND methodology is truly a management tool . It 
initially specifies Che information that must be generated 
by the engineers — thus providing information for the 
management direction of the engineers — and it ranks Che 
alternatives according to the preferences of the decision 
makers. The decision makers could be either the project's 
management, the funding agOTcy, or the end users. 
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Standard Assembly-Line Manufacturing Industry Simulation 
(SAMIS) Computer Program User's Gbide. 

Paul J. Fimett 

AUTH: Jet Propulsion laboratory 

April 1982 
5101-60 Rev. C 
This is a computer run-out. 
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A Qricical Review of the Solar Array Manufacturing fodustry 
Costing Standards. 

Theodore Barry & Associates 

95A800 

July 1977 

DOE/JPL-954800-77/1 

This report docments the findings, analysis, and 
reoamneiKiations of tlie S^ICS critique. The SAMICS model is 
designed to conopare ti)e cost of producing solar arrays using 
alternative manufacturing processes. The critique focuses 
on three main elements of the SAMICS procedure: 1) Vlbrkboolc 

format and presentation 2) Theoretical model validity and 3) 
Standard financial parameters. The SAMICS model is an 
excellent mathenatical formulation ; however the workbook 
presentation is too theoretical for a practical a[^lication 
procedure. 
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SAMICS Support Study; Cost Account Catalog. 

Theodore Barry & Associates 
954800 

Septeoiber 1977 
DCE/JPL/954800-77/2.1 

A standardized costing procedure has beeci developed to 
assist Jet Propulsion Laboratory in examining the 
feasibility of new industry to produce photovoltaic solar 
energy collectors similiar to tdiose used on spacecraft. The 
nane of the costing procedure is the Solar Array 
Manufacturing Industry Costing Standards (SAMICS). \folume I 
contains a description of the cost account structure and ^e 
cost account catalog. Volume II presents several submodel 
analyses, including the indirect requiremoits relationships, 
facilities capital cost estimating one-time costs. Volime 
III contains conceptual plant designs and the corresponding 
manufacturing price estimates for three alternative levels 
of solar array production: .5, 15, 500 MW of peak capacity 

per year. 
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SAM^CS Cost Account Catalog. 

Theodore Barry & Associates 

or/^909 

April 1978 
DOE/JPL/954909-78/1 

The Cost Account Catalog contains a list of all items that 
may be required directly or indirectly, by a solar array 
manufacturing lirm. The list includes a catalog number , a 
name, and a unit of measure for each item. Vjhere 
appropriate, it also provides price Information (price year, 
inflation rate, and either a price or a price versus 
quantity table). The catalog expense items are organized 
into 6 accounts: 1) facitilies parameters, 2) Mrsoimel, 3) 

utilities and plant services, 4) by products, 5) 
comncxlities , and 6) resources. 
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SAMICS Marketing & Distribution Model 
Theodore Barry & Associates, 

954909 

April 1978 

DOE/JPL/954909-78/2 

This report presents a loodel for canputing marketing and 
distribution costs. This marketing and distribution model 
is a simplification intended to recognize the added costs of 
marketing and transporting the solar arrays from tiie factory 
to the custcmer. The model covers selling, transportation, 
and storage costs in transit from the loading dock to the 
point of use. 
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Final Tedmical Report. Terrestrial Central Station Array 
Life-Cyde Analysis Support Study 

Bechtel Corporation 

9548A8 

August 1978 

DOE/JPL 95A848-78/1 

The purpose of the study was to provide input cost data in 
suf^rt of array -life-cycle cost analysis being conducted by 
JR. for utility central station photovoltaic power plant 
application. Primary en^ihasis was on the solar cell modules 
and arrays, with balance-of -plant concepts developed only as 
far as necessary to determine their impact on module and 
array design and vice versa. Assesanents were made of five 
alternate array configurations and the impact of parameters 
such as site weather, onside energy storage, system voltage, 
energy losses within the plant, maintenance requirements and 
module design* The plant design imed as the baseline for 
this study is a 200 H/ (nominal) central station 
photovoltaic power plant using 8 by 16 foot flat-plate 
silicon solar panels comprised of A by 8 foot glass 
superstrate modules. The five alternate array design 
configurations evaluated were rack, tandem, horizontal, 
seasonally adjusted and tracking -tape arrays. 
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Theodore Barry & Associates 
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Septeonber 1978 
955161-78/01 

This report represents the first definitive work that 
details photovoltaic central power plant Installation, 
operation, and maintenance acfWlties, Hius avoiding the 
necessity to a{^)eal to 'Vules of tf)uob" derived from 
experience with other types of power plants. 
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Industrialisation Study. 

Ghost ic Concepts, Inc. 

954899 

September 1978 
DOE/JPL/954899-78/3 

Ihfonnatlon concerning the investment process witiiin the US 
industry was collected. Bophasis was placed upon 
diaracterizing the critical elements in major hi^*risk 
investment decisions by industry. The relationship between 
these critical elements was interpreted as to how they 
influence the investment decision outcome. The results of 
this analysis found wide differences between companies in 
the manner in which evaluation criteria are applied. Even 
within similar industrial sectors, totally different 
behavior patterns were observed. Motivation was determined 
to be the greatest single force to induce a company to 
invest in a 'ligh-risk venture. The higher the motivation, 
both financial and personal, the greater the risk a conipany 
is prepared to accept in a new investment. The effect of 
government actions upon these motivations and the degree of 
risk acceptance by industry is discussed on a qualitative as 
well as a quantitative basis. The relative impact of 
alternative government programs and policies upon industry 
motivations, with its resulting in^ct upon photovltaic 
industrialization, is assessed. This assessment is based 
upon field interviews with a cross -*sect ion of industry 
decision^nakers to solicit their attitudes toward 
alternative government programs and policies. The 
government alternatives have been ranked on the basis of 
their ease of implementation and their probable impact. A 
conmentary is included cm the reccmnended sequence in which 
these governoient policies should be applied to maximize the 
industrialization of the photovoltaic venture. 
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Industrialization Study 
Ghost ic Concepts, Inc. 

954899 

January 1979 
DOE/JPL/954899-78/6 

Areas covered in this report include tiie technical 
assessments of selected advanced technologies. Information 
collected was in the area of manufacturing process steps and 
their implications on cell performance, along with present 
and future expected performance character if tic. A sisnnary 
of the technical and manufacturing barrierii and a suxmary of 
other influences is provided. A comparative assessment of 
the advanced tedxx)logy bases was also constructed. It 
consists of comparing each of the advanced tedinologies to 
the present-day single -crystal silicon wafer tedmology that 
dominates coomercial activities today and a comparison of 
the advanced tedmologies to each otheer. Ft'om this was 
extracted those technologies of industrialization efforts. 

A rank ordering of the advanced technologies is provided. 

The various ranking schemes were based upon present-day 
efficiency levels, their stability and long-term reliability 
prospects, material producticxj level, and asscxriated 
variable costs. A final selecticxi was made of those 
advanced photovoltaic technologies that have a hi^ 
potential for industrializaticxi prospects and an estimate of 
the timing of the possible readiness of these advanc:ed 
technologies for technology development programs and 
industrialization . 


80 


TITLE; 


Final Report. Samica Support Study-Fhaae III. 


aXlFORATE Aimi: 
OONIRACT NO: 
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REPORT NO: 
ABSTRACT: 


Theodore Barry & Associates 
955123 
April 1979 
DOE/JPL-955123-79/1 

This is a remt of Theodore Barry & Associates' review and 
validation of the SAMICS model. The purposes for this 
review were die following: a. Tb test the computational 
validity of the conqxjter model by cooiparison with 
preliminary TB&A ha^ calculations based on conventional 
cost estimating techniques, b. Tb review and improve ti)e 
accuracy of the cost relationships being used by the model, 
c. Tb provide an independent verification to users of the 
model's value in decision making for allocation of research 
and development finds and for investment in manufacturing 
capacity. TB&A's conclusion is that the S^ICS model is a 
flexible, accurate, and useful tool for managerial decision 
making. Our comparison of model results with TB&A 
calculations shorn close correlation. This report provides 
the basis for our conclusions. It also contains 
recomnendations for increasing the usefulness of SAMICS. 

The purpose of SAMICS is to provide a consistent basis for 
estimating array costs and comparing production technolc^ 
costs. The user of SAMICS provides detailed process 
information for calculating direct cost. Tb these are added 
indirect and overhead expenses. Although docusentation of 
direct processes requires a significant initial effort, tiie 
process gives SAMICS its primary strength. A cooq>lete 
accounting of direct process resource requirements 
establishes an audit trail that will help to monitor the 
realism of assumptions before production and to later 
identify variations from forecasted operating paraneters 
after production begins. SAMICS will be valuable to Che LSA 
Project in monitoring program objectives. It integrates all 
the production processes involved in module manufacturing* 
Thus, technology transfer from task to Cask and to 
manufacturers under contract, followed by audits of 
operations, should help JPL's decision makers to allocate 
research funds more effectively Co Che lowest cost 
technologies. Some limitations of SAMICS should be noted. 
There are three components of profit that the model 
calculates. The first is the conventional profit after tax 
in the accounting sense. The other two are amortized 
one-time costs and return on equity. Output formats should 
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indicate that all three of these are returns on the capital 
investxnent . The SM41CS model calculates annual operating 
expense based on a steady state condition following a muter 
of years of operation. In addition to these steady state 
operating costs, initial start-up costs are computed and 
onortized over the economic life of die facilities. The 
user should be aware of the difference that the two 
lifetimes may have on product price. 
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Final Report. Production Managecoent Handbook 

Iheodore Barry and Aaaociatea 

955519 

January 1980 
DOE/JPL 955519-80/1 

Ibis handbook » which supplements the SAMIS model, will 
assist LSA production managers in reducing the cost of solar 
arrays. While the handbook includes mathematical models, it 
provides more tiian a set of analytical tedmiques. It 
discusses general principles for production economics, 
aggr^te planning, facility design, production control, 
inventory marageEoent, quality control, maintenance 
management, materials handling, market strategy and risk 
management. Ihe handbook emphasizes cost control and 
resource utilization. The general principles involve 
information measurement and evaluation. Management adiieves 
control by setting performance goals and comparing actual 
performance to expected performance. All levels of 
management are held accountable for achieving results. In 
this way the performance managemoit process assures tbat 
production resources are provided and utilized efficiently 
and effectively. The objectives of the Production 
Mmiagement Handbook are to: Outline decision-making 

processes for cost-effective I8A production; Develop 
industrial engineering tools applicable to the photovoltaic 
industry. Specifically, the handbook provides analytical 
models and algorithms to address: Production scheduling 

strategics; foventory levels and storage requirements; 
Prcxl'jction prcx:ess desi^i and flow rates; Quality control 
criteria and implementaticx; ; MaioLenance and outage 
strategies; Material handling methods; Market strat^y, risk 
management, and contingency planning. 
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AUUKDR: 
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REPORT NO: 
ABSTRACT: 


Modeling of Fluidized Bed Silicon Deposition Process 
K. Kim, G. Hsu, R. Lutwadc and A. Praturi 
AUTH: Jet Propulsion laboratory 

June 1977 

77-25, and 5101-50 

Modeling of the fluidized bed for silicon deposition is 
describe. The model is intended for use as a means of 
improving fluidized bed reactor design and for the 
formulation of the researdi prc^am in support of the 
contracts of the Silicon Material Task for the development 
of the fluidized bed silicon deposition process . A computer 
program derived from the single modeling is also described. 
Results of some sample calculations i»ing the conqxjter 
program are snown. 
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OQRFQRATE AITIH: 
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Chemical Vapor Depoeiticn of Silicon from Silane Fyrolysia 
A. K. Praturi, R. Lutwadc and G. Hsu 
Jet Propulsion laboratory 
July 1977 

5101-5^, JPL Publication 77-38 

The four basic elements in the cheoiical vapor deposition 
(CVD) of silicon from silane are mass transport of silane, 
pyrolysis of silane, nucleation of silicon and silicon 
crystal ^owth. Th^e four elements are analytically 
treated from a kinetic standpoint. Rate expressions that 
describe the various conceivable steps involved in the 
chemical vapor deposition of silic^on are derived frcxa 
'^leiiaitary principles, ^plications of the rate expressions 
for (1) Hireling and the simulaticxi of the silicxn CVD 
process and (2) the analysis of experimental data on silicon 
CVD are discussed. The lack of an experimentally 
established mechanism of the siliccxi CVD process and 
established values for varicxjs ccxistants involved in the 
rate expressicxis is the major iispediment to the mcxleling of 
the CVD process. Experimental data are needed to deteiuiine 
the equilibriim adsorption coefficiaits for silane, hydrogen 
and silicon vapor and the activation energies and frequency 
factors for the various rate processes involved in the 
siliccxi CVD. 
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Slliccxi Fbnnaticx) by I^rolysis of Silane. InCeriro Report of 
the Continuous Flow Pyrolyzer Study. 

Harry Levin 

Jet Propulsion Laboratory 

October 1978 

5101-87 

A study of the formation and growdi of silicon was conducted 
in which silane was converted to silicon in a continuous 
flow pyrolyzer. The study en^loyed a set of four 
experiments, factorially designed for a hi^ and low level 
of gas stream temperature and for the presence and absence 
of silicon seed particles in the gas stream. The study was 
under takai to support and cco^>lement those Low-Cbst Solar 
Array (LSA) Project programs which utilize pyrolysis 
technology in the product ’on of silicon. In most of these 
programs, the form and siz* of t±ie silicon are important 
elements in the success of the program. 

Uhder the conditions of the study, the silane decomposed and 
simultaneously produced a particulate silicon in tbe gas 
stream and a chemical -vapor -deposition silicon on the 
relatively hot surfaces in contact with the silane. 

At the high temperature (79CPC), nucleation and growth of 
the particulate form of silicon in tiie gas stream 
increased. At the low temperature (64CPC), a widely 
varying sequence of silicon growth habits was observed in 
chemical vapor deposition under conditions of rapidly 
changing silane concOTtration. There was no evidence at 
either temperature of chemical vapor deposition on the 
silicon se^ particles, which had been introduced unheated 
into the gas stream. 
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TITLE: Ih-lbuse Study Fluidized Bed Silane Pyrolysis 

AUnCR: Richard Hogle, George Hsu and Ralph lutwadc 

CXDRPORATC AUTO: Jet Propulsion Laboratory 

DATE: December 1978 

REPORT NO: 5101-89 

ABSTRACT: fie part of tiie LSA Tbsk I in-house support effort, low-cost 

silicon production by silane pyrolysis is being studied 
using a 2-inch inside diameter fluidized bed reactor (FBR). 
The reactor as well as a quartz fluidization column were 
constructed and instrumented with electronic pressure 
transducers, and a cop>puter data acquisition system to study 
g^eral silicon fluidization along with the silane 
chemistry. The results of the reaction experimoits indicate 
that a dense silicon deposit can be grown on seed particles 
with high SiH4 conversion. At bed temperatures abwe 
740^C and SiH^ concentration around 6 percent, dense 
masses or clogs were formed in the reactor. Several 
solutions to the clogging problem, such as 65(PC to 
70CPC reaction temperatures and/or shallow, vigorously 
bubbling beds, will be studied. The effect of SiHk 
concaitration on dust production will also be carefully 
measured in a 1-inch inside diameter quartz F^ and in the 
2 -inch FKl. 
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Modeling of Silicon Particle Growti). A Progress Report. 

A. K. Praturi, G. C. Hsu and R. Uitwack 
AUTH: Jet Propulsion Laboratory 

April-1979 

DOE/JPL-1012-20 and 5101-105 

Efforts at the Jet Propulsion Laboratory toward the 
production of pure polycrystalline silicon are centered on 
the concept of silicon particle growth in a fluidized bed 
reactor (FBR) and a continuous flow pyrolyzer (CFP). *016 
CFP possibly can provide the seed particles which will be 
grown to longer sizes in the PBR. In both the reactors 
polycrystalline silicon is obtained from the pyrolysis of 
silane. A part of the JPL effort is to develop a model of 
silicon particle growth for the purpose of predicting 
particle growth rates and product particle size 
distributions in the PBR a^ the CfP. This report describes 
the mathematical models of silicon particle growth in the 
EBR and the CEP. 
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ABSTRACT: 






Oh the Mxleling of Silane Pyrolysis in a Continuous Flow 
Reactor . 

A. K. Praturi, G. C. Hsu and R. Jain 
Jet Propulsion Laboratory 
April 1979 

DOE/JPL-1012-21 and 5101-106 

Silane pyrolysis in a continuous flow pyrolyzer is a simple 
process that is currently being develop^ for producing 
solar cell grade silicon. The process involves complex 
phenomena, however, including thermal decomposition of 
silane, nucleation and growth of silicon particles, and mass 
and heat transfer. Modeling the effects of transport 
phenomena on silane pyrolysis in a continuous flow pyrolyzer 
is discussed in this report. Qbe- and two-dimensional 
models are developed to predict velocity, temperature, and 
concentration profiles in the reactor. The one -dimensional 
model has been implemoited as a computer code. 
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BjrificaCion of Silicon by the Silicon Fluoride Transport 
Process A Tbermocheoiical Study. 

R. A. Rhein 

Jet Propulsion Laboratory 
April 1979 

DQE/JPL-1012-18 - 5101-107 

A cooputer -assisted thermochemical equilibriun analysis was 
conducted for the silicon transport reaction: 

Si(s) + SiF 4 (g) * (intermediates) “ Si(s) + SiF 4 (g) 

The calculations indicated diat a substantial transport rate 
should be possible at temperatures of 1700 K and one 
atmosphere pressure. 

Gcoiputatiuns were made to determine whether the elemaital 
impurities presoit in metallurgical-grade silicon would 
transfer in this process. It was concluded that aluminum, 
chromium, copper, iron, manganese, molybdmiuQa, nickel, 
vanadiim, and zirconium would not transfer, but that boron, 
magnesium, phosphorus, and titanium would transfer. 
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Silicon Preparation and Ririty from the Reaction of Scxlium 
with Silicon Tetraxluoride and Silicon Thtradiloride. 

R. A. Bhein 

AITIH: Jet Propulsion Laboratory 

April 1979 

IX^/JPL-1012-19 and 5101-108 

Thermod)einical equilibriun conputations for the preparation 
of silicon (Si) by the reaction between sodiun (Na), either 
liquid or vapor, with silicon tetrafluoride (SiF^) and 
silicon tetrachloride (SiCl 4 ) are presented* Comixjtations 
indicate that SiF 4 reacts witl) either liquid or gaseous Na 
to produce temperatures sufficiently hi^ to form onlten 
Si. Liquid Na reacts with S 1 F 4 to produce substantially 
hi^er Si yields than does the free coobustion reaction with 
Na vapor; however, the Na vapor /Si F 4 reaction, if 
temperature-constrained at the Si melting point, produces an 
exp^ted Si yield close to 100%. 

A stoldiiometric mixture of liquid Na and SiQ 4 vapor 
reacts to produce liquid Si, gaseous sodium chloride (NaCl), 
and a small concentration of Si subhalides. Gaseous Ib, 
however, reacts wit^ SiG .4 to form entirely gaseous 
reaction products and a high yield of Si (liquid) but 
subhalide concentrations are greater than when liquid Na is 
used. 

The reactions of a nimber of impurity elemerits in Na, during 
the course of the Na-Si halide reaction, have been 
described. Of those considered, only calciLn (Ga), 
magnesian (>ig), phosphorus (P), and strontium (Sr) are 
expected to co-exisc to any extent in Na vapor and none is 
expected to be in the Si products if excess Si halide is 
used in the Na-Si halide reactions. 
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The Effects of Impurities on the Performance of Silicon 
Solar Cells. 

K. A. Yamakawa 

Jet Propulsion Laboratory 

Septeniber 1981 

DOE/JPL-1012-57 and 5101-189 

The major factors that determine the tolerable 
concentrations of impurities in silicon feedstock for solar 
cells used in power g«ieration are discussed in this 
report. It is concluded that a solar -grade silicon can be 
defined only for a specific manufacturing process. It is 
also concluded that it is the electrical effects, efficiency 
and resistivity, that are dominant in determining tolerable 
concentrations of impurities in the silicon feedstock. 
Crystal growth effects may become important when faster 
growth rates and larger crystal diameters are developed and 
used. 
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Final Report. Silicon Material Task Fart 111. 

Roques, R. A.; Ooldwell, D. M. 

Taxas Instruoents, Inc. 

95AA12 
January 1977 
BRDA/JPL/9 54412— 77/1 

The feasibility of a process for carbon reduction of low 
impurity silica in a plaso» heat source was investigated to 
produce low-< .Jst (less than $10 per kilogram) solar -grade 
silicon. Theoretical aspects of the reaction chemistry were 
studied with ttie aid of a computer program using Iterative 
free energy minimization. These calculations indicate a 
threshold temperature exists at 2400 k below whidi no 
silicon is formed. The computer simulation technique of 
molecular dynamics was used to study the quenching of 
product species. An experimental laboratory-scale plasma 
reactor was fabricated and used to optimize prcxtess 
variables for reaction conditions which yielded the maximum 
amount of siliccjn product. The conditions for maximun yield 
were 14 kw power, 3 liters /min plasma gas flow, and reactant 
feed rate of 0.02 mAnin. Maxinun silicon content, measured 
by wet analysis, of the sintered condensate was 33t- 
Ri^ctant mixtures which yielded the‘. greatest amount of 
silicon were those containing betwe«&i 1.3:1 and 1.9:1 c:arbon 
to silica mole ratios. Silicon was observed to form 
"IN-SITU*' on the tip of the feed rod of mixtures containing 
optiouD reactant quantities. The plasma approach proved 
technically feasible to produce relatively pure silicon. 
However, the results from this very small scale unit suggest 
a highly inefficient energy utilization due to pcx>r heat 
transfer characteristics of the plasma flame coupled with a 
low overall yield cf recoverable silicon indic^ate the 
process to be ecxmomic^ally unattractive. Carbon monoxide 
and CX)2 in the exhaust gases and silica content of the 
product condensate support the identified cc3ndensed -phase 
reaction mechanism. 
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’niLE: 


DeterminaCion of a Definition of Solar Qrade Silicon 


AimCR: 

OORFQRATE Aimi: 
OOIHRACr NO: 
DATE: 

REPORT NO: 
ABSTRACT: 


Henry W. GUtsche 

Monsanto Research Corporation, 

95A338 

September 1977 
954338-77/1 

This final report gives tt:c5 results of work performed by 
Monsanto Research Corporation to inquire into Che effects of 
the impurities Al, C, Cr, Oi, Ee, Mi, Na, Ni, 0, Ti, V, 
and Zr on the performance of silicon solar cells. A series 
of experimental silicon crystals were prepared conCainii^ 
controlled amounts of these impurities in otherwise 
semiconductor -grade silicon single crystals. Using these 
crystals, soi.4r cells were prepared and the solar energy 
conversion efficiencies of these devices were measured 
against a standard cell provided by Jet Propulsion 
Laboratory. As expected, cell efficiency was found to be 
degraded in various degrees by most of ^e impurities under 
investigation. Degradation of efficiency was most severe in 
the presence of titaniun and vanadljm. Silica solar cell 
material may contain as mu^ as 10^' atoms/cm^ of 
aluninun or carboti.. 10^^ atoms /cm^ of nickel, but only 
about 10^5 atoms/cm^ of manganese, diromium, iron, 
copper, zirconium, and magnesium to yield a solar device of 
acceptable performance. 
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TITLE: Final Report. Lifetime mod Diffusion Length Msasurements on 

Silicon Materials and Solar Cells. 

MmCR: Siegfried Othmer and Susan C. Chen 

OOBFCXIATE ADIH: Northrop Research and Technology Center 

OWmACf NO: 954614 


CAIE: Noveober 1977 

REPORT NO: ERDA/JPL 954614-77/1 

ABSTRACT: Experimental methods were evaluated for the determination of 

lifetime and diffusion length in silicon intentionally doped 
with potentially lifetime-degrading impurities found in 
metallurgical g^ade silicon, impurities which may be 
residual in low-cost siliccn intent^ for use in terrestrial 
flat -plate arrays. Results obtained by these methods were 
compared for mutual consistency. Lifethne measurements were 
made using a steady-state photoconductivity methcxil, which 
was coopered with a photoconductivity decay technique. 
Diffusion length determinations were made using 
short-circuit current measurements under penetrating 
illunination . This metiiod was compared wito a direct 
measureoient of diffusicxi length using a scanning electron 
micnroscope. Mitual ccxislstency among all experimental 
methcxis was verified, but steaiy-state phototonductivity was 
found preferable to pbotcxxxxluctivity decay at short 
lifetimes and in the presence of traps. The effects of a 
mxiher of inpurities cxi lifetime in bulk material, and on 
diffusion were cxxpared with those obtained by others on the 
same material and devices using different tecimiques. 

General agreement was found in terms of the hierarchy of 
impurities which d^ade the lifetime. 
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Final Report. Analysis of Effects of bapurities 
Lntentlonally Incorporated into Silicon 

Frank M. Ibo 

^pectrolab, Inc. 

95A694 

Decariber 1977 
ERDA/JPL 954694-77/4 

A methodology has been developed and implemented to allow 
silicon samples containing intentionally incorporated 
impurities to be fabricated into finish^ solar cells under 
carefully controlled conditions. The electrical and 
spectral properties were than measured for eadi group 
processed. All 33 lots of Group "C", 14 lots of Qroup 'W 
and 16 lots of Group "F" have been fabricated into cells and 
tested. 
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Final Report, October 9, 1975-July 9, 1973. Evaluation of 
Selected Chemical Processes for Production of Low-Gbst 
Silicon (Phases I and II). Silicon Material Task 

Blodier, J.M, Jr.; Brownir>g, M. F. 

Bat telle Coluoabus Laboratories 

954339 

9 July 1978 

IXB/JPL/954339-11 

The zinc reduction of silicon tetradiloride in a fluidized 
bed of seed particles to yield a granular product was 
studied along with several modifications of the tdiermal 
decomposition or hydrogen reduction of silicon tetraiodide. 
Although all contenders were believed to be capable of 
meeting the quality requirements of the LSA Project, it was 
concluded that only the zinc reduction of the chloride could 
be made economically feasible at a cost below $10/KG silicon 
(1975 dollars). Accordingly, subsequent effort was limited 
to evaluating that process. A miniplant, consisting of a 
5-Ql-diameter fluidized-bed reactor and associated equipmoit 
was used to study the deposition parameters, temperature, 
reactant coo^sition, seed particle size, bed depth, 
reactant throughput, and methods of reactant introduction. 

It was confirmed that the permissible range of fluidized-bed 
teoq)erature was limited at the lower end by zinc 
condensation (918*^0) and at hi^er teaq)eratures by rapidly 
decreasing conversion efficiency by 0.1 percent per degree C 
from 72 percent (thermodynamic) at 927 for a stoichiometric 
mixture. Use of a graded bed tenq)erature was shown to 
increase the conversion efficiency over that obtained in an 
isothermal bed. Other aspects of ttie prcxiess such as the 
coodensaticxi and fused-salt electrolysis of the ZNCL? 
by-product for recycle of zinc and chlorine were studied to 
provide informaticxi required for design of a 50 MT/year 
experimental facility, visualized as the next stage in the 
development. Project^ silicon costs of $7.35 and $8.71 per 
KG (1975 dollars) for a 1000 MT/year facility were chtained, 
depending upon the muher and size of the fluidized-bed 
reactors and ZNCL 2 electrolytic cells used. An energy 
paybac:k time of 5.9 months was c^alculated for the prcxluct 
silicon. 
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^thesis of Silane and Silicon it a Nco>Et|uilibrium Plana 
Jet 

H. F. Calcote 

AeroGhem Research Laboratories, Inc. 

954560 
October 1978 
954560-78/8 

The original objective of this program was to determine t^e 
feasibility of high voluDoe, low-cost production of high 
purity silane or solar cell grade silicon using a 
non-equilibriun plasma jet. The emphasis was changed near 
the end of ttie program to determine the feasibility of 
preparing photovoltaic amorphous silicon films directly 
using this metdiod. The non-equilibriun plasma jet is 
produced by partially dissociating hydrogen to hydrogen 
atoms in a 50 to 100 Tbrr glow discharge and expanding ^ 
H/H 2 mixture through a nozzle. A high flux density of 
hydrog&) atoms is thus produced at concentrations of about 3 
mol % with about 30X energy utilization efficiency. The jet 
is mixed with a second reactant and the reaction proceeds at 
a tenqjerature of 400 to 600 K to produce products. Yields 
of SiH4 SiHCl3, or SiH2Q2 from SiCa.4 and SiHCa.3 
were too low to be economically attractive. Hoover, both 
amorphous and polycrystalline silicon films which strongly 
achered to ^ex, Vycor, aluminun, or carbon where prepared 
witi. either SiCl 4 reactant were more difficult to prepare; 
they were prepare by carefully cleaning the aluminum 
sut^trate, diluting the SiH 4 with about 90X argon, and 
forming the glow discharge between the mixing nozzle and the 
aluninun substrate. Doping such films with P by adding 
PH 3 reduced the electrical resistivity by two orders of 
magnitude. The non-equilibriun plasma jet should be further 
evaluated as a technique for producing high efficiency 
photovoltaic amorphous silicon films. 
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IhtflfiB ibport. LL^ Sllioon Mitarial Tuk Ci.osrd*QrcI« 
Ft’ooMt Da^Ii^inent. 

R. A. Roques 

T)sxas Instruments Incorporated 
955006 

Deconber 19?8 
DOE/JPL-955006-78/2 

This report simnarizes the Jet Propulsion Laboratory 
lou-Oost Solar Array Project Contract 955006 'tloaed-Cycle 
Process for Low-Gbst Soiar Silicon Ibiug a Rotary Chamber 
Reactor", which vns active from AugiMt 10, 1978 to December 
8, 1978. This program was Riase I of an effort to achieve 
production of low-cosc solar •grade polysilicon from 
metallurgical -grade silicon in a closed-cycle process. 

Impure silicon would be converted to trichlorcMSiloe by 
reaction with by-product silicon tetrachloride, and the 
trichloroeilane tiieTmally decomposed in a rotary dnm 
reactor. The technical restrictions to development of the 
program approach were based on minimizing new tecdmology 
requirements by using existing technology to reduce the 
tlMng, risk, and cost of achieving production capability. 

The deficiencies in the established Siemens polysilicon 
process were identified and systematically eliminated to 
a(±leve a sisq>le, continuous, easily scalable, low-cost 
process. The OTocess was begin with the design of the two 
major items of unt<^ted equipment, the silicon tetrachloride 
by-product converter and the Rotary Drum Reactor (RDR) for 
deposition of silicon from trichlorosilane. The ctesign 
criteria of the initial laboratory equipment included 
ccnslderation of the reaction che^stry, thermodynamics, and 
other tedxiical factors. Design and construction of the 
laboratory equipment was completed. Preliminary silicon 
tetrachloride conversion expniments confirmed the expected 
higjL< yield of trichlorosilmne, up to 98X of theoretical 
conversion. A preliminary solar -grade polysilicon cost 
estimate, including capital costs considered extremely 
conservative, of $6.9lAg supports the potential of this 
approadi to achieve the cost goal. The closed -cycle process 
appears to have a very likely potential to achieve LSA goals . 
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Final Report. The Production of Solar Call Gtade Silicon 
from BrcoxMilniea 

J. Schunacher 

J. C. Sduioacher Go. 

954914 

January 1979 

DOE/JPL-954914-79/5 

Based upon a cheoiical engineering analysis of existing 
semiconductor grade polycrystalline silicon processes, Oost 
Element Objectives for (1) Capital Equipment, (2) Raw 
Materials, (3) Labor, and (4) Utilities were established to 
meet the LSA Project Silicon Materials Task Oost Objective 
of $10Acg for Solar Cell Grade (SOG) Silicon. A Continuous 
Flow Reactor (CFP) process based on the hydrogen reduction 
if the brcmosilanes SiBr 4 and SiHBt 3 was proposed by the 
J. 0. Sdiumacher Goo^mny to meet these Cost Element 
Objectives, which resulted in the letting of JPL Contract 
954914 to the Goopany. Initial experiments carried out as 
part of this contract, directed at obtaining overall yield 
data for brooDsilane reduct icn in the CER, Indicated the 
need for increased reactor residence time and deposition 
substrate particle packing density to fully characterize the 
kinetics (rate) and thermodynamics (yield) of observed 
silicon production. Fluidized bed cxperi^ts were 
therefore initiated to overcome these experimmital 
difficulties, which showed both thermal decomposition and 
hydrogen reduction of Silffir 3 in a fluid bed reactor to 
present attractive closed-loop processes for producing SCG 
polycrystalline silicon consistent with Cost Element 
Objectives derived earlier. No process selection could be 
made, however, due to the fact tiiat preliminary optimization 
of 2 of 3 process stages in each case during the course of 
the experimental program showed comparable attainoent of 
Cost Element Objectives. Flirther experiments to coo^lete 
process selection and preliminary process economic 
evaluation ar<d design are therefore suggested. 
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Final Remt Rmuim 1 and II. FbasibiliCy of tba Silana 
Procesa for Producins Semiconductor >Oradb Silicon. Period 
Oovated' Octo^ lw5 - Merdi 1979 

Ihion Carbide Corporation 

954334 

June 1979 

DOE/JPL-954334-79/10 

The comnerclal production of Iow'<x>8t semiconductor -grade 
silicon is essential requirement of the JPL/D(^ 
(Derartment of Bnergy) Low -Cost Solar Array (LSA) Project. 

A lOOO-metric-ton-per-year cannercial facili^ using the 
Ihion Carbide Silaro Process will produce molten silicon for 
an estimated price of $7.56A(g (1975 dollars, private 
financing) > meeting the DOE goal of less than $10Ag. 

Conclusions and technology status are reported for both 
contract phases, which had the fcVi^lng objectives: 1) 
establish the feasibility of Uhk^ Jarbide’s Silane Process 
for ccmnercial application, and 2) Develop an integrated 
process design for an Experimental Process System 
Development Ihit (EPSDU) and a oommercial facility, and 
estimate the corresponding ccmnercial plant econcmic 
performance. 

Tb assemble the facility desi^, the following work was 
performed: (a) collection of Ihion Carbide's applicable 

badrgrcHind technology; (b) design, assembly, and operation 
of a small integrated silane-producing Process Development 
Ihit (FDU); (c) analysis, testing, and ccmparison of two 
high-taaopOTature methods for converting pure silane to 
silicon metal; and (d) determination of chemical reaction 
equilibria and kinetics, and vapor -liquid equilibria for 
chlorosilanes . 
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Pinal Raport. CJoapoaiclon HMauNonta by Analytical Photon 
GiUilyala 

David G. Sutton, at al 
Aerospace Qorporation 
95520L 

Septeoter 1979 
DOE/JPL 955201-79/4 

The object of this researd: is to assess the sf^licability 
of the photcn catalysis technique for effectii^ coBBposltion 
analysis of silicon saoples. In articular, our technique 
is to be evaluated as a detector for the iD|Mjrities Al, Gt, 
Pb, (h, It, V, it> and Zr. During the first year we have 
detected Al. Or, Pb, Mn, H and Si with dte photon catalysis 
mettKxi. Vie have established the best flourescence lines to 
monitor attd determined initial sensitivities to each of 
these elements by atomic absorption calibration. In the 
course of these tests vapor pressure curves for these six 
pure substances have also bem mapped. Vfe have also studied 
the detection of these iiopurities in silicon matrices. 
evaporation process was shown to be congruent; thus, our 
spectral analysis of the vapor will yield the composition of 
the bulk sample. In acklition to these mainline tasks, much 
ancillary information was obtained. The emission sigmtures 
were determined for several additional elements including 
As, Bi, B, Ca, CXi. Cr, Ga, Ge, MG, Na, F and Fb. Ionic 
emission lines for Ca and ifere determined to be useful 
for analysis. I\jlsed sample introduction was examined and 
determine that as little as 1 nanogram of lead is 
detectable in a single shot. As a result of these studies 
we have concluded that the photon catalysis technique is 
suitable for bulk analysis of solar grade silicon. The 
ancillary data also suggest that ^eous feedstocks in the 
form of metal hydrides can be analyzed by this technique and 
that pulsed sampling tedmiques are compatible. This last 
conclimion si^gests the possibility of developing a surface 
analysis instnxnent by coining laser microprobe and photon 
catalysis technology. 
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Final Baport. Solar Silicon via the Dow Gbrning Procaaa for 
tha Silicon MtCerlal Tuk. 

L. P. Hunt and V. D. Ooaaj 

Daw doming OorporaCion 

954559 

October 1979 
DOE/JPL 954559-78/7 

The process developed under this contract meets the LSA 
Project objective of danonstrating technical feasibility for 
high^olime production of solar -cell -grade silicon. The 
process consists of producing silicon from pure raw 
materials via the carbothermic reduction of quartz. This 
silicon was tl.en purified to solar grade by impurity 
segregation during Czochralski crystal growth. Gooiiercially 
available raw materials were used to produce 100 kg 
quantities of silicon during 60-hour periods in a Direct Arc 
Reactor. This silicon had impurity concentrati*ins of less 
d)an 10 ppnw each, except for AI a^ Fb (30-100 i^xnw). 
Rirification of tills material by Gkochralski crystal growtii 
gave silicon of semiconductor purity, except for Al (1 
ppma), B (7 ppma, O.l ohm-ca), and P (0.5) (poa. This 
silicon produced a single crystalline ingot, during a second 
Ckochralski pull, that was fabricated into solar cells 
having AMI efficiencies ranging from 8.2X to greater than 
14% (AR-coated). An energy analysis of the entire process 
indicated a S-month nayback time. A price of $12.15 (1980 
dollars, with profit) was estimated for a 
3000-metric-ton-per-year plant. Rjrther process development 
is recommended based upon technical success, estimated 
product cost, and commercially-available technology already 
existing in the industry that can be applied to proceos 
scale -up. 
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Quarterly Report. DBvelopoRit of Model end OoBoputer Code 
to Describe Solar Grade Silicon Production Processes. 

R. Srivastava and R. K. Gould 

AeroChem Research laboratories, Inc. 

954862 

December 1979 
DOE/JPL-954862-79/8 

'R)is report describes oxxtels and cooqxjter codes which may be 
used to describe flow reactors in which high purity, salav 
grade silicon is produced via reduction of gaWous silicjn 
halides . A prominent example of the type of process vbich 
may be studied using the codes develop^ in this program is 
the SiQ 4 /Na reactor currently being develc^}ed by the 
Vfestin^ouse Electric Gorp. Durii^ this program two large 
computer codes were developed. The first is tbe QIEMPART 
code, an axisynmetric, marching code wicb treats two-phase 
flows with models describing detailed gas-phase chemical 
kinetics, particle formation, and particle growth. This 
code, based on the AeroChem LAPP (Low Altitude Plane 
Program) code can be used to describe flow reactors in which 
reactants mix, react, and form a particulate phase. 

Detailed radial gas -phase composition, temperature, 
velocity, and particle size distribution profiles are 
computed. Also, deposition of beat, momentan, and mass 
(either particulate or vapor) on reactor walls is 
described. The second code is a modified version of the 
GENilX boundary layer code which is used to compute rates of 
heat, momentum, and mass transfer to the reactor walls. 

This code lacks the detailed chemical kinetics and particle 
handling features of the CH^ART coda but has the virtue of 
running much more rapidly than CHEMPART, while treating the 
phenomena occurring in the boundary layer in more detail 
than can be afforded using CHEMPART. These two codes have 
been used in this program to predict particle formation 
characteristics and wall collection efficiencies for 
SiCl/ flow reactors. It is found that large input 
enthalpies (large H-atom Inputs) are required to prevent 
Si(l) droplet formation. (Ibis enthalpy is supplied by 
introducing large quantities of arc -heated hydrogen in the 
Uestin^KXJse reactor.) On the other hand, large hydrogen 
flows mean short transit times of throu^ the reactor 
and hence short times for wall collection of Si. It is 
anticipated that an importmit af^lication of these codes 
will be their use in finding operation conditions where 
droplet formation may be minimized and high collection 
efficiencies may still be realized in reactors of the 
Westinghouse type. 
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Final R^iort. Silioon Halida-Alkali Httal FlaDM as a 
Source of Solar Ora(te Silicon 

D. B. Olson and W. J. Miller 

AeroGhem Research Laboratories, Inc. 

954777 

January 1980 
DOE/JPL 954777-80/8 

The object of this program was to determine the feasibility 
of using continucxis high-teoperature re«:tion8 of alkali 
metals and silicon halide to pro<faxe silicon in large 
quantities and of suitable purity for use in the production 
of photovoltaic solar cells. S^uilibriiiD calculations 
sho^ that a range of conditions were available where 
silicon was produ^ as a condensed phase but die byproduct 
alkali metal salt was a vapor. A process was proposed using 
the vapor phase reaction of Na with SiCL^. low pressure 
expericKnts were performed demonstrating ttiat free silicon 
was produced and providing experience with the construction 
of reactant vapor generators. FUrdier experiments at hi^ier 
reagent flow rates were performed in a low temperature flow 
tiA>e configuration with co-axial injection of reagents. 
Relatively pure silicon was produced in these experiments. 

A high tea^)OTature graphite flow tube was built and 
continuous separation of Si from NaQ was demonstrated. A 
larger -scaled well-stirred reactor was built. Experiments 
were performed to Invesigate the coo^tibility of 
graphite-based reactor materials of constructions with 
sodiun. At 1100-1200 K none of these materials were found 
to be suitable. At 1700 K the graphite and silicon carbide 
were damaged. 
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final Raport. Aoalysia of Tbt Effocta of Inpuritiaa in 
Silicon. 

J< H. Vk^lgeouth and M. N. Giuliano 

Solarax Gbrporation 

955307 

January 1980 
DOE/JPL-955307/4 

The purpose of this program was to conduct a solar cell 
fabrication and analysis progran to determine the effects on 
the reaultatit solar cell efficiency of inpuritles 
intentionally incorporated into silicon. The prc^am 
enpl<^ed "fli^t-quality" tedmologies and quality assurance 
typical of an experience solar cell mamifacturer to assure 
that variations in cell performance are due to the 
impurities incorporated in the silicon. A rigid program of 
documentation and decontamination procedures was 
instituted. The cells from control silicon including 
verification, monitor and control cells have exhibit^ 
average AMD cell efficiencies of nearly 13% at 25^0 (in 
excess of 15% AMI at 25^). cross -contamination of 
control or monitor cells was observed. Cells wit^ various 
doping materials and dopii^ levels were fabricated. 
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Final B^)ort. Novel Dupl»» '«ISipor*EleceroGh«ical Itechod for 
Silio'V) Solar Gal la. 

L. Nmia, A. Smjurjo, K. M. Sancier. V. K. Kapur, atal 

SRI Liternatlonal 

954471 

March 1980 

D0E/JPL-9*'*471-80/13 

A proceaa has been developed for Che eoonceiic production of 
hl^ purity Si froa inexpm^ve reactanta. baa^ cn Che Mi 
reduction of SiF4 gas. The products of reaction (NiF, Si) 
are separated by eiChfr aqueous leaching or by direct 
nelcit^ of tl)e MiF-Si prodkx:C mixture. Rnpurities known to 
decade solar cell perfonnsnce are all present at 
sufficiently low concentrations so that malt solidification 
(e.g., Ckochralski) will provide a silicon material suitable 
for solar cel.\s. 


113 


TnUE; 

AUIHK: 

OORK3RATE AUIH: 
OONIRACr NO: 
CATE: 

REPORT NO.- 
ABSTRACT: 


Final Bi^rt covering the period October I» 197jl-N^uary 6, 
1981. Process Flsasibility Study in Skq^xnrt of Silicon 
Material Task I. 

Carl L. Yaws» Ku-Yen Li, Jadf R. Hof^ier, C. S. Rang and 
Keith C. Hansen 

laoar Ihiversity 

954343 

February 6, 1981 
DOE/JPL 954343-81/21 

The Low-Cost Solar Array (ISA) Project at Jet Propulsion 
Laboratory (JPL) in Vsisadeaa, California is being funded by 
the Department of Stergy (DCS) for effective cost reduction 
in the production of silicon for solar cells. This study 
reports work performed at Lamar Ihiversity in su{^rt of the 
LSA Project and presents results for process system 
properties, chemical oigineering and economic analyses of 
the new tedmologies and processes being developed for the 
production of lod^ cost silicon for solar cells. 

Analyses of process system properties are important for 
chemical materials involved in the several processes under 
consideratiuTi for semiconductor and solar cell grade silicon 
production. Major physical, thermcdynamic and transport 
property data are reported for the following silicon source 
and processing chemical materials: silane, silicon 
tetrachloride, trichlorosilane, dichlorosilane, siliccxi 
tetrafluoride and siliccxi. 

The property data are reported for critical temperature, 
c:ritical pressure, critical volume, vapor pressure, heat of 
vaporization, heat capacity, density, surface tension, 
viscosity, thermal co^uctivity, heat of formation and 
Gibb's free energy of formaticxi. The reported property data 
are presented as a function of temperature to permit rapid 
usage in research, development and prcxlucticxi engineering. 

Chemlcral engineering analyses involving the preliminary 
prcx:e8s design of a plant (lOOOfr/yr c:apacity) to produc:e 
siliccxi via the techmlogy under ccxisideraticxi were 
accomplished for the following prcx:esses: UOC silane 

prcx^ess for siliccxi; BCL prcx:ess of silicxxi - c:ase A; BQ, 
prcx:ess for silicon - case B; conventlcxial polysilicon 
prcx:ess (Siemens ^hchnology); Sil^ decompositicxi prcxress 
and DCS process (dichlorosilane). 
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Final Raport. Davalofniint of Pr oca a a a a for tha Itoduction 
of Solar Grade Silioon fron HalidM and Alkali Matala. 

Fhaaa I & II 

C. R. Dldcaon and R. K. Gould (Fhaaa I)i C. R. Dickaon, W. 
Fhldar and R. K. Gould (Fhaaa II) 

AaroOhem Research Uboracories, Inc. 

955491 

March 1981 

DOE/JPL 955491-81/6 

Fhaaa I of this program ««as directed coward the <tevelopment 
of procassM involvii^ high temperature reactions of silicon 
halides with alkali metals for the production of solar grade 
silicon in volune at low cost. Experiments were perform 
to evaluate product separation and collection processes, 
measure heat release paroneters for scaling purposes, 
determine the effects of reacUmts and/or products on 
materials of reactor construction, and make preliminary 
engineering and ecorsnic analyses of a scaled-up process. 
Sables of Che silicon product were delivered to JPL for 
evaluation of solar cell performance. 

The objective of Phase II of the program was to characterize 
the kinetics and mechmism of the foniation and growth of 
silicon particles frcn the deccmposition of silmie at high 
temperatures. Ihe experiments were aimed at determining the 
rates at which gas-phase species form silicon particle 
precursors, the time required for silane decom{X)sition to 
produce particles, and the competing rate of growth of 
silicon seed particles injected into a decomposing silane 
environnent . 
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Final Report. Fbr period July 1978 to Jmuary 1981. 
B/aluation of Selected Ghaaical Proceeeee for Production of 
low-Qoet Silicon. Fhase III 

J. M. Blocber. Jr.. M. F. Broming and D. H. Seif^t 

Battelle Ooluiixjs laboratories 

954339 

March 31, 1981 
DOE/JPL-954339-81/21 

As a phase of a progran to establish the engineering 
feasibility of the process for producing silicon by the zinc 
vapor reduction of silicon tetrachloride, a Process 
De^l<^anent Ihit (PDU). which consisted of the four major 
units of the process, was designed, installed, and 
experimentally operated. The FDU was sized to 50MT/yr. The 
deposition took place in a fluidized bed reactor. As a 
consequence of the experiments, in^ovements in the ctesign 
and oration of these units were undertdcen and their 
experimental limitations were partially established. 
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Final Bcp-Tt. Inveati^tion of tiie Hnkogmation of SiCl 4 . 

Jeffrey Y. P. Mul and Dietsaor Seyfertli 

Massachusetts jfostitute of 'Sachnology 

955382 

April 1981 

DOE/JPL-955382-79/8 

A tMo-year research and develc^sient program was initiated in 
April of 1979 to study the hydrodilorination of silicon 
tetradiloride and metallurgical g^ade On*g>) silicon metal 
to tridilorosilane. Ibis cooplementary research and 
d^welopneot effort is conduct^ to supplement (die 
engineering process development activities for the 
OqieriiDental Process System Development Ibit (EPSDU) under 
the Ibion Carbide (jcntract Nb. 954334 of die JPL Low-Cost 
Solar Array (LS^ Project. A laboratory scale pressure 
reactor was constru^'.ted to stucfy this reaction at preraures 
up to 500 psig. Reaction kinetic measurements were carried 
out as a function of reactor pressure, reaction taoperature 
and H 2 /S 1 C 14 feed ratio. The conditions for reaction 
kinetic data collected at 500 psig were specifically 
designed to ccmpleDoent the engineering design for the 
hydrochlorination reactor in the Lhion Carbide EPSDU, 
silane-to-silicon process. The effect of an added o^iper 
catalyst on the reaction rate was investigated. Different 
partical size distributions of the m.g. silicon metal were 
utilized to study the effect of total solid surface area on 
the rat% of the hydrodilorination reaction. Experiments 
were carried out with the object to study the life of the 
silicon mass bed with and without the presence of a oqiper 
catalyst. The effect of a prolonged reaction on the 
reaction rate was Investigated. A o^rosion study was made 
on type 304 stainless steel and Incoloy 800H under the 
actual hydrochlorination reaction environnent. 
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Final Ttednlcal Report. Davelopatnt of a Ftocaaa for 
Capacity Arc Haater Procbjction of Silicon for Solar Arrays 
for Silicon Matariala Huk 

Maurice G. Ray 

Uastinghouae Electric 0>rporation 

954589 

May 1981 

DOE/JPL 954589-80/9 

During the perfonaance of the program, the experimental 
verification system for the production of silicon via the 
arc heater -sodiim reduction of SiCl 4 was designed, 
fabricated, installed, and <^>erated. Each of ti>e attendant 
suteystens was checked out am operated to insure 
performance requirements. Th^e subsystems included: the 

arc heaters /reactor, cooling water system, gas system, pcwer 
system, control and instruaentation system. Ns injection 
system, SiQ 4 injection system, effluent disposal system 
end gas burnoff system. 

Prior to introducing fte reactants (Na and Sia. 4 ) to the 
arc heater /reactor, a series of gas only^xwer tests was 
conducted to establish toe operating parameters of toe three 
arc heaters of the system. Bellowing toe successful 
completion of the gas only^xjwer tests and the readiness 
tests of toe sodium and Sid .4 injection systems, a 
shakedown test of toe complete experimental verification 
system was conducted . 
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Sixth Quarterly Progress Report. 1 January to 31 March 
1981. Developoent of a Bolysilicon Ihrocras Based on 
Chemical Vapor Deposition (Iba?e I) 

J. McGbnnick, A. Arvidson, D. Sawyer and F. Plahutnik 

Hemlock Semiconductor Corporation 

955!33 

.Xne 1981 

DOE/JPL 955533-81-6 

The goal of this program is to demonstrate that a 
dichlorosilane-based reductive diemical vapor deposition 
(CVD) process 's capable of producing, at low cost, higjh 
quality polycrystalline silicon. Physical form and purity 
of this material will be consistent with LSA material 
requirements for use in the manufacture of high efficiency 
solar cells. 

Testing of decomposition reactor heat shields to insure that 
the shield provides adequate personnel protection, assuning 
a worst case explosion, was completed. Minor modifications 
to a production reactor heat shield provided adequate heat 
shield integrity. 

Construction of the redesigned PDU (Process Development 
Ihit) to acconmodate all ‘■afety related information is 
proceeding on schedule. Start-up is scheduled for June 1981. 

Construction was completed on a feed system for supplying 
DCS to an inte. mediate sized reactor. 

Preliminary EPSDU design was cooqpleted. Base case 
assmption was for a 220 ton/yr unit which would not include 
a hydrogenation process. 
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Final Technical Report. Study of the Effects of Iznfxjrities 
on the Properties of Silicon Materials aid Performance of 
Silicon Solar Cell 

C. T. Sah 

C. T. Sah Associates 
954685 
October 1981 
DOE/JPL 954685-81/5 

This fifth tedmical report, also the final report, covers 
studies on the effect of impurities and defects on the 
performance of silicon solar cells which were not reported 
in die previous four tedmical reports. It describes a 
theoretical study of die effect of defects across die 
back -surface-field junction on die performance of 
high-efficiency and thin solar cells, using a 
developed -perimeter device mcxiel for the three-dimensional 
defects. It shows that very significant degradation of 
open-circuit voltage can occur even if there are only a few 
defects distributed in the bulk of the solar cell. TWo new 
features in die thickness dependences of the fill factor and 
efficiency in impurity-doped back -surface-field solar cells 
are discovered in the exact nimerical solution which are 
associated with the hig^ injection level effect in the base 
and not predicted by the low-level analytical theory. Vhat 
are believed to be die most accurate reax±>ination 
parameters at the Ti center to date are also given and a new 
theory is developed which is capable of distinguishing an 
acceptor -like deep level from a donor -like deep level using 
the measured values of the thermal emission and capture 
cross sections. Using the measured emission -capture cross 
section ratio, this theory can also provide information 
concerning die magnitude of the lattice distortion around an 
impurity atom before and after the capture or emission of an 
electron or a hole at die inpjrity center. 




120 



TmE: 


QGRFQBATE AUIH: 
OONIRACr NO: 
DA’IE: 

REPORT NO: 
ABSTRACT: 


Quarterly Progress Report - JUly-SepteBober 1981. Riase 
111. Experioimtal Process System D^elopment Unit for 
Producing Semiconductor -Gtade Silicon Using the 
Silane-to-Silicon Process 

Uhion Carbide Corporation 

954334 

Novedber 1981 
DOE/JPL 954334-81/20 

This «rork covers work performed in July. August and 
Septedber 1981 on ^e DC^JFL Contract 954334, Phase 111. 
Ibis phase consists of the engineering (tesign, fabrication, 
assedbly, operation, economic analysis, and process support 
R&D for an Ebcperimental Process System Development Ihit 
(EPSDU). 


Ihion Carbide has entered into negotiation with D(£/JPL to 
cost share in the EPSDU progran by continuing with 
construction and start-up with company funds. This has been 
necessary due to severe govemoaent bu^et recisions in the 
solar and other energy related prograns. As a consequence 
of such a plan, UCC will relocate the EPSDU facility to a 
(fest Coast location to cooplete and run the facility. 

The design activity is cooplete and mechanical and 
electrical bid padrages will be reissued to obtain bids at 
the new EPSDU location. About 95X of purduised equipment 
has been received and will be reshiiped to the West Coast 
location . 

The report generation part of the Data Collection ^tem was 
completed in this quarter. The draft of the operations 
manual is about 50X cooplete and the design of the 
free-space system is continuing. 

In the area of meltlng/consolidatlon, Xayex has demonstrated 
the system using silicon powder transfer, melting ani 
shotting on a pseudo-continuous basis. Experimental 
activity ceases at the end of the quarter and docunentation 
of the results and recoamendations will be coopleted in the 
fourth quarter. 

A proposal has been submitted to continiw the very {xromising 
fluid-bed work in the next fiscal year with a relatively 
small budget. The EPSDU pilot plant will probably be funded 
by UCC in the next fiscal year pending a favorable agreement 
to be signed soon between DC£/JPL and Uhion Carbide. 
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Quarterly Report. Investigation of the l^drodilorination of 
SiQ4. 

Jeffrey Y. P. ^4ji 
Solarelectronics , Inc. 

956061 

January 1982 
DOE/JPL-956061-2 

A new two inch-diameter stainless steel reactor was designed 
and built to operate at pressures up to 300 psig for die 
experimental studies on the hydrodilorination of SiQ 4 and 
metallurgical gra<k On.g.) silicon metal to SiHCl 3 . The 
effect of pressure on the h)rdrochlorinatioo reaction was 
studied. In order to clearly see the effect of pressure, 
the experiments were carried out at low reactor pressures of 
73 psig and 150 psig, respectively. A large pressure effect 
on the hydrochlorination reaction was observed between the 
results of the low pressure experiments and the results of 
the high pressure experiments. Samples of the material for 
construction for the hydrochlorination reactor were prepared 
for the corrosion stu<^. Materials include Type 304 
stainless steel, carbon steel, Incoly 800H, Alloy 400 
(Monel), Hastelloy B-2 (a Ni/to alloy), ni^el and copper. 
These test sanples were momted in a stainless steel rack 
which was fitted inside the 2" reactor tube. The corrosion 
tests are in progress. 
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R. H. Hopkins, J. R. Davis, A. Rohatgi, M. H. Hanes, and P. 
Rai-Gbou(ftiury 

Vfestln^house R&D Center 

954331 

Bfebruary 1982 
DOE/JPL 954331-82/13 

This is the Final Report of a multiphase program conducted 
as part of the Silicon Materials Task of the LSA Project. 

The object of the program has been to investigate the 
effects of various processes, metal contaminants, and 
contoninant-process interactions on the properties of 
silicon and on the performance of terrestrial silicon solar 
cells. The study has encompassed topics such as 
thermochemical (getter Ing) treatments, base-doping 
concentration, base-doping type (n vs. p), grain 
boundary-impurity interaction in polycrystalline devices, 
and long-term effects of inqxirities and iopjrity impacts on 
high-effici«icy cells, as well as a preliminary evaluation 
of some potential low-cost silicon materials. The work is 
now completed, and soooe of the highlights are given below. 

Studies were made of the effects of various metallic 
impurities, introduced singly or in combination into 
C^ochralski, float zone, and polycrystalline silicon ingots 
and into silicon ribbons grown by the dendritic web 
process. All crystals were analyzed chemically, 
microstructurally, electrically, and via solar cell 
fabrication and testing. 

The solar cell data (collected from 238 experimental ingots) 
indicate that impurity -induced performance loss is caused 
primarily by a reduction in base diffusion length. An 
analytical oodel based on this observation has been 
developed and verified experimentally for both n- and p-base 
material. 
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ABSTRACT: 


Progress in Silicon Crystal DMtmolQgy for llBrTes trial 
R)otovcTt/ic Solar Energy GOnvarsion. Oonductad as part of 
the Rxirth Project Integration Mseting. 

Jbh A. Zcxjtand^ 

Jet Propulsion Laboratory 

October 1976 

5101-12 

During die course of the Fourth Project Intergration Meetii^ 
of the Low-Cost Silicon Solar Array Project, the Large Area 
Silicon Sheet Task conducted an Intramural conference to 
discuss develqment progress in varioi^ aspects of the 
technology of preparing silicon ribbons, sheets, or wafers 
for use in dm fabrication of solar cells. Brief papers 
were presented by the eleven contractors to the Task, as 
well as two by other laboratories and one JPL. 
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Multi -Wire Slurry Vb£«ring DcnoratratioiM. 

C. P. Chen 

Jet Precision Laboratory 
Ftebruary 1978 

DOE/JPL-1012-78/7 - 5101-57 

A aeries of ten slicing decoonstrationa on a nulti-^pfire 
slurry saw, manufactured by Yasuciaga Bigineering Gaopany of 
Japan and distributed by (SOS GOrporati'xi of Stanford, 
Connecticut, was made to evaluate the silicon ingot wafering 
capabilities. The results revealed that the present sawing 
capabilities can provide usable wafer area from an ingot 
1.05 m^/kg (e.g. , kerf width 0.135 am and wafer thickness 
0.265 am). Satisfactory surface Qualities and excellent 
yield of silicon wafers were founo. Ghe drawbadc is that 
the add-on oc»C of producing wafers from this saw, as 
presently used, is considerably higher than the systems 
being developed by Vatian aixl Crystal S>s terns for the 
Low wOSt Silicon Solar Array Project (LSSA), Tssk II, 
primarily because the Yasuiaga saw uses a large quantity of 
wire. The add-cn cost can be significantly redu^ by 
extending wire life and/or by reuse of properly plated 
wire to restore tiie diameter. 
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OoniMtibility ScudiM of Vaxiom R»fractx>ry Mstifrlal* in 
Oontact with MolCon Silioon. 

T. O'lldnmill, M. Leipold and M. Hsgan 

Jet Propulsion Laboratory 

Hard! 1978 

DOE/JPL-1012-77/6 - 5101-53 

The production of low coat, efficient solar ^lls for 
terrestrial electric power ganeration involves the 
manipulation of molten silioon with a present need for 
noncontanlnating hig^-teoperature refractories to be used as 
containment vessels, ribbrn^production dies and dip-coated 
substrates. Studies were conducted on die tfetting behavior 
and chemical/physical interactions between molten silicon 
and various refractory mate(.ials. 
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Structure of DsfonaBd Silicon and Implications for Low Ooat 
Solar ObIIs. 

N. Mardasich, M. H. Uipold, G. B. TUrnar and T. G. Diggas 
Jet Propulsion Laboratory 
March 1978 

DOE/JPL-1012-78/3 - 5101-56 

The micrcMtructure and minority carrier lifetime of silicon 
ware investigated in uniaxially cosq^rassad silicon samples. 
The objective of the investigation was to determine if it is 
feasible to produce silicon solar calls from sheet formed by 
high temperature rolling. The initial structure of the 
silicon san^les rmiged from single crystal to fine-grained 
polycrystals. The samples had been deformed at strain rates 
of 0.1 to 8.5 sec’l and temperatures of 1270-1380*HI with 
si^equent annealing at 1270-1380^C. 

Recrystallization was Inccoplete even after long anneals. A 
10 hour anneal of fine-grained sanq)les witi^ as much as 51X 
strain only caused 95% of the saaples to recrystallize and 
even th«i the recrystallized grains contained twin 
boundaries and dislocations. The recrystallization in the 
large gTr'^ined samples was also incomplete and further, it 
has bem shown that large grained material cracks readily 
during significant deformation (up to 40%). The major mode 
of recrystallization appears to be migration of existing 
boundaries into the deformed regions. Minority carrier 
diffusion length was drastically reduced by deformation and 
recovered only slightly with annealing. T^se results 
suggest that high temperature rolling of silicon to produce 
sheet for solar cells of high efficiency is not practical. 
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DittraitiMitiQn of Bulk DiffOtion Uvnitht for Ai^U-Uppid 
Snlconduetor Nitorlil vtn tho Somtf^ SUetron 
Mleroteopo-A Thoorotioal AnulytU. 

OlOwi^ ^*or Root 

JtC Propula ion Uboratory 

D0B/JPL-1012-7B/8 and 5101-73 

A atandard pcoeoduro for tha datarmination of tha minority 
oarriar diffuaion lanath by naana of a acacminR alactron 
mtcroa«:opa (SIH) eonalata of acaranint acroaa an angla-lappad 
•urfaea of a P-N Junction and naaaurlfHi tha raaultant abort 
circuit currant aa a function of barn poaition. A 
datailad analyaia of tha 4c orUinating fra thla 
i onf ifuration ia praaantad. It la found that, for a point 
a iurca axcitation, tha 4e ^tpcnda vary aimply on x, tha 
va^iabla diatancw batuaan tha aurfaca and tha junction 
adgt, Tha axpraaaion for tha 4c R lAm^ r Junction 
davica la wan known . If d, tha conatant diiitanca batuaan 
tha ^ana of tha aurfaca of tha aamiccnductor and tha 
Junction adga in tha aapraaaion for tha 4c R planar 
Junction la maraly raplacad by x, tha varlabla diatanca of 
tha corraanondinj^ anala-laopad Junction, m axpraaaion 
raaulta whi«h la eor^t to within a amall fraction of a 
parcant aa long aa tha angla bat^Naan tha aurfacaa ia amallar 
than 
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Effect of Grain BotfiJary in Silicon Shaat on Minority 
Garriar Diffuaion Ungtti and Solar Call Efficiency 

T. Gaud and K. H. Koliwad 

Jat Propulaion Laboratory 

June 1978 

5101-69 

lha diffvnion length of minority charge carriers in ailioxi 
sheet containing grain boundaries haa bean measured by 
electron beam indeed current (E8IC) technique using a 
scannii^ electron microsot^. Quantitative variation of 
diffusion lengti) as a function of the distance from the 
grain boundary has been detenained. 

Ihe results show that the effect of syain boundary extencte 
to a distmee equal to nearly one buuc dif^ion length. 
Based on these results a concept of effective grain sise has 
been ^posed. The model shows that the difference between 
the effective »ain size and the geometrical grain size 
depends strongly on the electronic properties of de silicon 
shMt. The effect of grain size on the efficiency of the 
solar cell has been analyzed within the framework of the 
model. 
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^acture Strength of Silicon Solar Qells. 

C. P. Chen 

Jet Propulsion Laboratory 
October 1979 

DOE/JPL-1012-32 and 5101-137 

In an effort to inwove the reliability and lower the cost 
of solar cells, a test progran has been developed to 
determine the nature mid source of the flaw controlling the 
fracture of silicon solar cells and to provide inforoBtion 
regarding the mechanical strength of cells. 

This report contains results obtained in the first phase of 
a test program to devel<^ io^oved methods for testing the 
mechanical strength of cells and to evaluate the fracture 
strength of typical Oochralski silicon solar cells 76 am (3 
in.) in diameter. 

Significant changes in fracture strengths were fomd in 
seven selected in-process wafer -to-cell prcxlucts from a 
manufacturer's production line. 'Rie fracture strength data 
were described by Ueibull statistical analysis and can be 
interpreted in ligbC of the exterior flaw distribution of 
the samples. 
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Characterization of Deliberately Nickel -Dc^}ed Silicon Vbfers 
okI Solar Cells 

A. M. Salaoa 

Jet Propulsion Laboratory 
Novenber 1979 

DOE/JPL-1012-34, and 5101-139 

Micros tructural and electrical evaluation tests were 
performed on nidcel -doped p-type silicon wafers before and 
after solar cell fabrication. The concmtration levels of 
nl^el in silicon were 5 x 10^^, 4 x 10^5, and 8 x 
10^5 atoms/cm^. It was found that nickel precipitated 
out during the growth process in all tliree ingots. CLutops 
of precipitates, some of which exhibited star shapes, were 
present at different depths. If Che cluDips are distributed 
at depths '20 ym apart ad if they are larger than 10 ym in 
diameter, degradation occurs in solar cell electrical 
properties and cell conversion efficiency. The larger the 
size of the precipitate clump, the greater the degradation 
in solar cell efficiency. A large grain boundary around the 
cell effective area acted as a gettering center for the 
precipitates and impurities and caused improvement in solar 
cell efficiency. Details of the evaluation test results are 
given. 
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Sensitivity Malysis of the Add-Gh Price Estioiate for the 
Edge-Defin!^ Film-Fied Growth Process. 

A. R. Mokashi and A. H. Kachare 

Jet Propulsion laboratory 

March 1981 

DOE/JPL-1012-55 and 5101-171 

The edge-defined film-fed growth (EPG) process is a 
silicon-sheet technology option that is bei(% developed for 
tt»e Low-Cost Solar Array (I^) Project, «^idi is sponsored 
by the Departme.it of Biergy. 

In order to achieve the LSA price goal of $0.70^, 
certain required production-rate and sheet ^quality standards 
must by met. Che way to increase the production rate 
without seriously affecting the quality is to grow multiple 
ribbons simultaneously from a single machine. 

This study presaits a sensitivity analysis of the prcx:ess 
add-on price in terms of cost parameters such as equipment, 
space, direct labor, materials and utilities, and the 
production parameters such as growth rate, prcx:ess yield and 
duty cycle, using a computer program developed specif ic:ally 
to do the sensitivity analysis with IPBG. 
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NBasureoent of Surface ReociBbinatlon Velocity for Silicon 
Solar Celia Ibing a Seaming Electron Mlcrosoope with !\ilsed 
Beam. 


Tiher Baud and Li-Jen Cheng 
Jet Propulsion laboratory 
November 1981 

DOE/JPL-1012-56 and 5101-176 

b the design and fabrication of silicon solar cells 
ap^oaebing theoretically ultimate conversion efficiencies, 
surface recombination velocity plays a crucial role. A 
technique using a seaming electron microscope wi^ pulsed 
electron beam has been develc^ied for the measuremait of this 
important parameter of silicon surfaces. It is shown that 
the surface recombination velocity, s, increases by an order 
of magnitude when an ett^ied surface d^ades, probably as a 
result of environmental reaction. A textured 
front -surface -field cell with a high-low junction near the 
surface shows the effect of minority carrier reflection aid 
ai ai^rent reduction of s, whereas a tandem- junction cell 
with n'*'-p junction near the surface shows an increasing s 
value. 

Electric fields at junction interfaces in 
front -surface-field and tandem- junction cells acting as 
minority carrier reflectors or sinks tend to alter the value 
of effective surface recombination velocity for different 
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FLat-FLate Solar Array Project. Senaitivity Analysis of the 
Add-Cb Price Estimate fcv the Silicon Meb Qrai#th Process. 

Anant R. Mokashi 

Jet Propulsion Laboratory 

December 15, 1981 

5101-175 

The veb growth process is a silicon-sheet technology option 
that is being d^l<^>ed for the FLat-PLate Solar Array (FSA) 
Project, «A)ich is sponsored by the U. S. Dspartment of Biergy. 

In order to adiieve the FSA price goal of l^.70A*^, certain 
required production^ate and sheet-quality standard^ must be 
met. Bas^ on researdi and developimt experience, base-case 
data for the technical and cost parameters that could be 
achieved for the technical and caimercial readiness phase of 
the FSA projt^t are projected. 

This study presents a sensitivity analysis of the process 
add-on price, using the base-case data in terms of cost 
paraneters such as equipment, space, direct labor, materials 
and utilities, and the prcxiucticxi parameters such as growth 
rate and rixi ]a:)gth, using a coqxjter progran develc^)^ 
specifically to do the sensitivity analysis with In^roved 
Price Estimaticm Guidelines. The somitivity analysis is 
also performed with respect to silicon price, sheet thickness 
and cell efficiency. 
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FlaC'FLate Solar Array Project. Effect of lx>ading Rates on 
the Strei^th of Silicon Uafers. 

C. P. Chen 

AUIH: Jet Propulsion Laboratory 
Decenber 15, 1981 
5101-190 

Ibe effect of loading rates on the strength of silicon wafers 
was evaluated under biaxial stress conditions at five loading 
rates and under four -point twisting at two loading rates and 
was found to be insignificant. The results showed no 
indication of time-dependent sibcritical crack growth In 
silicon at room temperature in a laboratory environment. Ihe 
medioiical -strength t^t of silicon solar cells can thus be 
determined at a rate as fast as a toting machine cm 
respond, without loss of accuracy. This conclusion is 
iiflpOTtant in that it shows that a hi^-speed solar -cell 
me^anical proof -testing madiine can be sued in solar -cell 
manufacturing. 
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Ixw*<3ost Solar Array Project. Proceedlnga of Low-Gbat 
Solar Array Uifering Workshop (8-10 .Kne, 1981, The Pointe, 
Phoenix, Arizona). 

Jet Propulsion. Laboratory 

P^uary 1, 1982 

5101-187 

The low-Gost Solar Array Vtafering Workshop was held on June 
8-10, 1981, at The Pointe, Phoenix, Arizona, under the 
sponsorship of the low-Cost Solar Array Project (since then 
renaoed the Plat -Plate Array Project) of the Jet Propulsion 
laboratory. The Workshop consisted of seven sessions 
covering all aspects of ingot wafering, Including fixed- ok! 
free-abrasive sawing, materials, medoanlans, 
characterization, innovative concepts mod economics. 
Tkenty-seven papers were presented. 
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MBthonatical Malysis of the Photovolt^ge Docay (PVD) Hitbod 
for Minority Cirricr Ufetbas MMaurioants. 

0. H. von Boos 

Jet Propulsion Laboratory 

Bebruery 1982 

DOE/JPL-1012-65 and 5101-203 

Vihen the diffusion length of minority carriers becomes 
comparable with or larger than die thickness of a p-n 
junction solar cell, the characteristic decay of the 
photon-generated voltam results from a mixture of 
contributions with different time constants. The minor i& 
carrier reoootiination lifetime r and the tiooe constant 
where l is essentially the thidcneas of the cell and D the 
minority carrier diffusion length, determine the sigpal as a 
function of time. It is shown that for ordinary solar cells 
(h'*'-p junctions) , particularly when the diffusion length L 
of the minority carriers is lar^r than the cell 
thickness i, ^e ex^s carrier density (tecays according to 
exp (-t/x -it 2 Dt/ 4 t 2 ), x being the lifetime. 

Therefore, x can be readily determined by the photovoltage 
decay (PVD) method once D and t are known. 

A;^ analysis of this matter was published recently in the 
Journal of Applied Riysica. This report offers details of 
its mathemati^i development. 
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Final Raport. Thick Film Silicon QraifCh TKhniquaa 
H. E. Bates 

Tyco Laboratories, Ihc. 

953365 

April 1975 

DOE/JPL-953365-75/1 

The develqaiBnt of the edge-defined, film-fed growth proMss 
for silicon ribbon is described. Tte selection of die 
materials is described emphasizing SiC, graphite, Si02 and 
Si 3 l^. Utilizing the graphite die, Che process was 
developed to pro^e riUms first 1 cm and then 2.5 cm wide 
and up Co AO cm lot^. The electrical quality on the ribbon 
has increased directly as the result ot increasing the 
graphite die purity. Solar cells made frcm recent ribbons 
grown from purified dies have eJdiibited efficiencira on Che 
order of 75% of control cells made from Czodiralski silicon. 
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Final Report. Large Area Gtocbralaki Slllocn 
Samuel N. Rea, Raul S. GLeim. 

Taxas Inatrunenta, Inc. 

954A75 

April 1977 

DCE/.JPL-954475-77/A 

The major purpose of this program was to determine ti>e 
overall cost effectiveness of the Osochralski process for 
producing large^ea silicon. The goal of the wafering 
process was a slice thickness of 0.z5 mn with minimal kerf. 

A slice kerf of 1.26 mn has been achieved of I2-cm crystal 
using both 200 grit B 4 C and SiC abrasive slurries. 

Crystal growth experi^ts were performed at 12-<si diameter 
in a commercially available puller with both 10 and I 2 -kg 
melts. Several modifications to the puller hot rone were 
required to achieve stable crystal growth over the entire 
crystal length and to prevent crystallinity loss a few 
centimeters down the crystal. Tte maxinun practical growth 
rate for 12-cm crystal in this puller design was lOcan/h, 
with 12>lAcmAi beii% the absolute maxinun, range at which 
melt freeze occurred. A nugget polysilicon feeder was 
fabricated, assembled, and successfully tested on several 
multicharge runs. Qc^sive oxide and carton contamination 
in the nugget melts contributed to crystal growth problens. 

A miober ^ 12-cm crystals were sawed in the multiblade 
slurry 5 sw. A 1001 of the yield was obtained with E^C 
abrasive at a slice + kerf of 1.56 am ar>r? an average cutting 
rate of 6.1 nm/h. Silicon caroide abrasive has demonstrated 
3-5 omAi sawing rates on 12-on crystal, althou^ yields have 
run lower (73X) than those with B4C at the O.xinn 
dimension. A slightly thicker slice, 0.30 ran, c^ be sawed 
with SiC abrasive at 1001 yield. Ek^iments in laser 
scribing silicon wafers into hexagons showed that a 10-W TAG 
laser can penetrate 0.2 nm at a scribe rate of 10 cm/s. 

Hich high^ writing rates on the order of 30-A0 cm/s can 
penetrate 0.05 am which is' sufficient for scribe^^and -break 
of 0.25-om slices. Czochralski econcmics were examined 
using realistic estimatM of technical parameters and a 
sheet cost in the $45/m^ area is indicated for a 
semlcontinuous puller in the early 1980 time frame. Tb 
io^ct sheet cost in late 1970's, a nulticharge growth mcxie 
is all that is tedmlcally possible and a sheet cost of 
$35^l^ is forecast. 
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TnUE: Final Report. Sillam Sheet Growth by the Inverted Stepanov 

Technique. 


AIJIHQR: K. M. Kim 

OORPORAIE AUIH: RCA laboratories 

OONERACr NO: 954465 ^ 

DATE: June 1977 

REPORT NO: D(®/J?L-954465^77/2 

ABSTRACT: The feasibility of growing silicon ribbons by the inverted 

ribbon growth process has been established using both 
nonwetting boron nitride (BN) dies as well as wetting 
coGOposite dies coated with chemically vapor deposited 
silicon nitride (CVD 813 !^). Growth instablllltes are 
associated primarily with the formation and evolution of the 
silicon monoxide; the escape of the gas causes hysteresis of 
the contact angle and mechanical vibration of the melt. As 
a result of this, the meniscus during the ribbon growth is 
not •'pinned'' at the die edge but is in constant motion, and 
growth is difficult to initiate. Although real progress was 
made, the instabilities have not been suf^essed 
sufficiently to allow for initiation of ribbon growth. 

Preliminary evaluation of the reactivity of liquid silicon 
with CVD Si3N4 and CVD SlaOxl^ indicated that 
these materials are considerably more resistant to reaction 
with and/or dissolution in silicon than other materials 
exooined to date. Solar cells made in the epitaxially 
deposited silicon on a silicon ribbon grown by the inverted 
Stepanov process with the BN flat die had an efficiency of 
8.2% (/Wl). The stability of the ribbon growth, in terms of 
the dependence of the ribbon thickness on the change in the 
meniscus height, is theoretically greater in the inverted 
Stepanov or inverted EPG than in Stepanov or EFG prcx:ess. A 
oneKliinensional heat flow model has been developed to 
simulate nunerically the major theLtnal aspects of the 
inverted Stepanov growth prcx:ess. Our results show that for 
a given ribbm geometry, die temperature and ambient 
configuration, the height of the molten zone increases as 
the growth velcx:ity is increased. The highest growth 
vel(x:ities are achieved with the lowest ambient temperatures 
ccxjpled with experimental transfer coefficient as well as 
the conducted heat loss to the ribbcx) support clamp. 
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Final Raport. HMt &(ch«gar 'Ingot G&ating/SI icing ProcMS 
Frederick SChmid and Chuidra P. Kbattak. 

Crystal Systsms, Inc. 

954373 

Dscsoiber 1977 
ERDA/JPL 954373-77/4 

TIm proof of concept for silicon casting by the Heat 
Exchanger Method has been established. Che of the major 
hurdles of inrot cracking has be«i eliminated with the 
development of graded crucibles. Such crucibles are 
cooifMtible with the casting process in that the integrity of 
the container is maintained at higjh temperature; however, 
during the cool-down cycle the crucible fails, thereby 
leaving a crack -free b^le. Ingots as large as 3.3 kg have 
been cast using this approach. The controlled growth, 
heat-flow and cool-down cycle has yielded silicon with a 
high degree of single crystallinity. EVai when the seed 
melted out, very large grains formic. Solar cell samples 
made from cast material have yielded conversion efficiency 
of over 9X (AMI). Representative characterizations of 
silicon gro^ has demonstrated a dislocation density of less 
than lOO/cm^ and a minority carrier diffimion length of 31 mid 
The source of silicon carbide in silicon ingots has been 
identified to be from graphite retainers in contact with 
silica crucibles. Higher growth rates have been achieved 
with d^e use of a graphite plug at the bottom of the silica 
crucible. &(cellent surface quality, i.e., surface 
smoothness and 3-5 surface damage, was achieved by 
multiple wire slicing with fixed dianond abrasive. TUngsten 
wire was the best core material tested because of its high 
strength, high Young's modulus, and resistance to hydrogen 
embrittlemant. Diamond costs were reduced by in^egnating 
diamonds only on the cutting areas of the wire. A lighter 
and longer blade carriage can be used for slicing with 
wire. This will allow the blade carriage to be reciprocated 
more rapidly to increase the surface speed. A projected 
add-on cost calculation stows chat these methods will yield 
silicon for solar cell application within ERDA/JPL cost 
goals. 
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Final Baport. Dtlayad Ftactura of Silicon. Silicon Shaat 
QroMtt) D^l<^B>ant for Cha Largt Araa Silicon Sheet Ttek 

Cilifomia Itaiv., Loa Angeles, Dept, of Miterlals 


Chen, T. J. A>d Knapp, W. J. 


954836 

Hirch 1978 

DOE/JPL/954836-78/1 

Bar specimens were cut from ingots of single crystal 
silicon, and acid>etched prior to testing. Artificial 
surface flaws were introduced in specimaos by indentation 
with a knoop hardness tester. The s^imans were loaded in 
four -point bending to 95% of the nominal fracture stress, 
while keeping the surface area, containing the flaw, wet 
with test liquids, bb evidence of delayed frac&jre, and, 
therefore stress corrosion, of single crystal silicon was 
observed for liquid environments including water , acetone 
ffiKl aqueous solutions of NACL, Mi^OH, end 1 ^) 3 , when 
tested with a flaw parallel to a CllO) surface. Ihs . 
fracture tougitness was calculated to be K/icH). 591x10° 

N/M 3/2. 
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Final RaporC, Hay 12. 1976— August II, 1977. Hot forming of 
Silicon Sheet, Silicon Sheet Qrawth D^lopment for the 
Large Area Silicon Sieet Tuk. 

Qeehm, C. D. Jr.; Pc^, D. P. ; bilkami, S. 

Pannaylvania (Jhiv., Philadelphia (USA) 

954506 

April 1978 

D0E/JPL/954506-78a 

Results of an exnerimental program investigating tiie hot 
workability cf pilytextucr)«talline silicon are reported. 
Uniaxial strrc is>straln oirves are given for strain rates in 
the range of 10**^ to 10^ and teon^atures from 1100 to 
1380^0. .V the highest strain rates at 1380^0 axial 
strair.j > > excess of 20% were easily obtainable without 
cradcingi a .chou^ special preparation of the compression 
plater4S allows strains in excess of 50%. After deformations 
of 3t%, recrystallization is completed wldiin O.I hr at 
I380®C. When the recrystallization is "complete," there 
is still a small voltine fraction of unrecrystallized 
laaterial which a{^)ears very stable and may degrade tine 
electronic properties of the bulk material. Texture 
measurements sfxw that the as -produced vapor deposited 
polycrystalline rods have a (110) fiber axis changes to 
(111) and the direction parallel to the growth direction and 
no preferred orientation about this axis. Upon axial 
concession perpendicular to the growth direction the former 
(110) fiber axis changes to (111) and the compression axis 
becomes (110). Recrystallization changes the texture to 
(110) along the former fiber axis and (100) along the 
ccnpression axis. 
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Final Bamt. floatii^ Substrata Ftocaaa: Larga-lrea 
Silicon Shaat XMk. 

Gbrfinkel, H.; Hall. R. N. 

General Electric Ooapany, Schenectady. NY 

954350 

June 1978 

DOE/JPL 954350-78/3 

supercooling of silicon-tin Alloy Belts mss studied. Values 
as high as 78 c at 1100 c and 39 c at 1200 c viere observed, 
corresponding to supersaturation paraoeter values 0.025 and 
atd 0.053 at 1050 c and 1150 c. respectively. The 
interaction of tin with silane gas streaDB was investigated 
over the temperature range 100 to 1200 c. Single*^e8s 
conversion efficiencies exceeding 30X were obtained. Ihe 
growth habit of spontaneously-micleated surface growth tias 
determined to be consistent with dendritic and wdb growth 
from singly-twinned triangular nuclei!. &irface growth of 
interlocking silicon crystals, thin enough to follow the 
surface of the liquid aixl with growth velocity as high as 5 
mmAnin, was obtained. Large area single-crystal gro^ 
along the melt surface was not adiieved. Steall 
single-crystal surface growth was obtained whidi did not 
propagate beyond a few millimeters. 


149 



TITLE: 

OORPORATE AJIH: 
CONIRACr HO: 
DAIE: 

VEPOKI NO; 
ABSTRACT; 


Final Baport. Silicon Ribbon Qrawtb by a Capillary Action 
Shaping Tedmique. 

IBM Corporation 

95414A 

June 1978 

DOE/JPL-954144-78/1 

Ribbon silicon produced by CAST yields 11.9% solar cell 
efficiency. CA^ ribbons up to 9SDin wide and 0.3kiin thick 
were produced. CAST technology ^single ribbon, lOGtns wide 
ribbon, 0.3a& (hide, 3.8bi/hr growth rate, solar cell 
efficiency 13% - has the potential to meet a $50/n^ 
target. Ihis is based upon the availability of $10Acg 
polycrystalline silicon. 
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Third Quarterly Pr(^e88 Report. Davelqpmant of Advanced 
Methods for Continuous C^ochralski Growth. 

R. G. Ublfson, C. B. Sibley, C. P. Chartier 

Varian Associates 

95488A 

July 1978 

DOE/JPL 95A884-78/3 

Six batch melt-replenishment runs were performed. In the 
most re(^t, five crystals were grown with a total 
throu^put of 48 kg. In addition to its stated purpose of 
developing the growth and recharge process for continuous 
silicon production, this experimentation has served to prove 
completely both the concept of charging with granular (viz . , 
'Vtiblet") feed and the design of the 
pellet -feeder /isolati(xi-lcx:k assembly. 

The design of the prototype C^cxhralski puller was begun on 
schedule. Layouts of all major components have been 
prepared, and detailing is currently in progress; bills of 
material for long-delivery items were released to 
manufacturing in .Ame. TWo c:ritic:al conqxments have already 
imdergone acivance trials: the recharging mechanism, which 

has been in use for four months, and the crystal lift 
mechanism, which has been boich -tested and is to be mounted 
on the laboratory Varian 2850 puller. Fbrther, the 
fabric:ation of the transducer /control assembly — the 
automation system — has been accelerated in order to permit 
testing and preliminary prcx:ess development cxi the 2830 
furnace prior to the completion of the prototype puller. 

The SAMICS analysis of ingot growth and wafering has been 
completely revised and has been extended to 1986. 
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Final R^rt. Ghamical Vapor D^naiton Qrowth 
R. P. Ruti» 

Bodcwell International 
9%372 

October 1978 
DOE/JPL-954372-78/6 

The tedmical objective was to investigate and develop 
chemical vapor deposition (CVD) tedniques for the growth of 
large areas of Si sheet on inexpensive sidMtrate materials, 
with resulting sheet properties suitd>le for fabricating 
solar cells that would meet the tedmical goals of the Low 
Gbst Silicon Solar Array (LSSA) l^oject. Several glasses 
were found that are compatible with CVD Si growth in an 
inert atmosphere in the 800-900 degrees C range, aldiough a 
maximum in the Si deposition rate from Sil^ pyrolysis in 
He at about 830 degrees C sets an upper limit on film growth 
rates. The polycrystalline Si films on glasses showed 
strong preferred orientation parallel to (100) and - to a 
smaller degree - (110) planes, depending upon deposition 
temperature, film thickness, and the glass involved as 
sd>8trate. EX/idence was found of unidentified donor 
impurities entering the fi' is, pr^umably from the glass 
sd>8trate8, to affect the electrical properties obtained and 
possibly set an u(^per limit on the available hole 
concentrations achievable in p-type B-doped polycnrystalline 
films on these glasses. low-^xirity alumina sxl similar 
ceraDdc» were found not suitable as sutetrates for growth of 
CVD Si of uniform quality. Higb-purity aluninas permitted 
growth of polycrystalline CVD Si layers of controllable 
quality, hi^ly preferred orientations, and grain sizes that 
scaled directly with the grain size in the sihstrate. 

Refired aluninas that has acquired large individual grains 
produced locally epitaxial Si grains of corresponding 
dimensions on those substrate grains that were favorably 
oriented crystallographically. The aluminas are too costly 
to be considered for meeting the LSSA Project goals. 
Generally poor photovoltaic performance was exhibited by 
solar cells fabricated in C\^ Si sheet grown by SiH^ 
pyrolysis directly onto sihstrates of aluminas, glasses, or 
even siigle-crystal sapphire. Voc values up to about 80% 
of those of single-crystal Si centrol cells were obtained, 
but values cxily AO to 70% of thcee of a ccxitrol cell 
were obtained under simulated AMO illuninaticxi . Depressed 
longHiavelength response and other performance factors 
indicated low minority -carrier (electrcxi) diffusion lengths 
vere character last ics of the n/p cell structures made in 
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this Si sheet material by the SiH^ process. Epitaxial 
p-type (B-dc^)ed) CVD Si sheet grown on single-crystal Si 
8ii>8trates by SiJ^2 pyrolysis in H2 at about 1075 
degrees C provided relatively good photovoltaic performance 
in solar cell structures produ^ by P diffusion to form the 
p-n junctions. values of about 560 mV, Jgc values 
of about 22 mA cni?7 curve fill factors of about 0.7, and 
power efficiencies of 6-7X were found in these cells. The 
presence of a p+ layer below and wljointng a p-type 
(B-doped) CVD Si polycrystalline or epitaxial layer (on 
alimina or saf^ire, respectively) ettfianced the photovoltaic 
response of solar cell structures formed by P diffusion into 
the p layer. A comparison of the photovoltaic response of 
P-diffused and P-doped in-situ-grown n+/p/p*- solar cell 
structures about 20 vm thidc on polycrystalline fine-grained 
Si sheet, the two were about equal in the structures, for 
given doping concentrations In the p layer. Li all cases 
the epitaxial cells were much better than the 
polycrystalllne cells, mainly because of current collection 
effects and junction leiricage current effects, and the 
large-grained polycrystalline cells were better than the 
fine-grained cells. A coe^arison of diffused-junction and 
deposited -junction n+/p/p+ structutes in three different 
p-layer thickness ranges on the same three classes of 
sihstrate showed a direct increase in photovoltaic response 
with p-Iayer thickness for the epitaxial cells but less 
distinct differences for the polycrystalline cells. 
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Final Report. LSA Large Area Silicon Sheet Task Gbntlnuoiu 
C^ochralski Process Development. 

Samuel N. Rea 

Texas Instruments Incorporated 
954887 

Fbbruary 1979 
DOE/ JPL-954887 -79/5 

A coDmercial Gzodiralski crystal growing furnace was 
converted to a continuous growth facility by installation of 
a small, in-situ premelter with attendant silicon storage 
and transport mechanismB. Ihe premelter was situated 
imnediately over the primary melt and provided a molten 
silicon flow into the large crucible simultaneously as 
crystal was being grown. Ihe key eleoisnt in this continuous 
Ozochralski process is the premelter and a substantial 
portion of the program involved its evolution into a 
workable design. The best arrangement tested was a 
vertical, cylindrical graphite heater containing a small 
fused quartz test tube liner from which the molten silicon 
flowed out the bottom. Approximately 83 cm of nominal 5-cm 
diameter crystal was grown with continuous melt addition 
furnished by the test tube premelter. Higjh -per feet ion 
crystal was not obtained, however, due primarily to 
particulate contaninatlon of the melt. Elimination of this 
oxide buildup will require extensive study and 
experimentation and the ultimate sucess of continuous 
C^ochralski depends on a successful solution to this 
problem. Economic modeling of the continuous Czr^hralski 
process utilized the II^ option of SAMICS. Ihe influence 
of both crystal size and total furnace rixi size were 
examined. Results of these studies indicate that for lO-on 
diameter crystal, 100-kg furnace runs of four or five 
crystals each are near optimal. Costs tend to asymptote at 
the 100-kg level so little additional cost improveoaent 
(x:curs at larger runs. Fbr these ccxxiiticxis, crystal cx>st 
in equivaloit wafer area of arcxjnd $16An^ exclusive of 
pol}Tsilicon and slicing is obtained. Lower cnrystal costs 
can be obtained by growing large diameter crystals in the 12 
to 15-cm range. Ihe cxitlook for achieving the overall 1986 
wafer cost goals is not optimistic because of high slicing 
costs. Continuous C^cxhralskl can, however, meet the 
near-term cost goals for silicon sheet material. 
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i^rterly Report. Laser-zone Groetb in a Rlbbon-to-Ribbon 
CRTR) Process Silicon Sheet Growth Developaent for tite Ler^ 
Ares Silicon Sheet Thsk of the Ldw Gbst Solar Array Project 

A. Baghdadi, etal 

Motorola Inc. Semiconductor Group 

954376 

March 1979 

DOE/JPL 954376-79/9 

Apweciable progress has been witnessed in adiievii^ high 
eiiiciency on RTR solar cells, with an average efficiency of 
9.1% on the most re<»iC lot. The best cell to date has a 
measured efficiency of 11.3%. Anew tedmique for growing 
limited-lengdi ribbons continually has been demonstrated. 
This '^R^id Edge" tedmique can be used to recrystallize 
about 95% of die polyribbon feedstock . A major advantage of 
diis method is that only a single, constant length silicon 
ribbon is handled throu^iout the entire process sequence; 
this may be accomplistrad using cassettes similar to those 
presently in use tor processing Qsochralski wafers. Thus a 
trmisitlon from Cz to ribbon technology can be smoothly 
affected. The maxinun size being considered, 3'* x 24", is 
half a square foot, and will generate 6 watts for 12% 
efficiency at 1 sun. Silicon dioxide has been demonstrated 
as an effective, practical diffusion barrier for use during 
the polyribbon formation. TWo different approadies for 
using the silicon dioxide are being pursued. 
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Ooor$ Borcalain Oonpany 
954878 
April 1979 
DOE/JPL-954878-79/5 

The objective of tiiis program was to evaluate nullite in 
contact witi) molten silicon to be used as a substrate for 
Honeywell's Silicon-Ob-Cerosic process and as a container 
for melting solar grade silicon. A further requirement was 
to fabricate respective sidMtrates and containers. Tb 
maintain solar nade silicon puri^ levels, the nullite must 
generally introduce less than 1(A^ atoos/cc of 
impurities. T) evaluate the mullite*molten silicon 
interaction, a series of bodies were made with variations in 
density, alumina-silica ratio and glass-crystalline ratio. 
‘Ltese materials were tested in a sessile drqp tedmique. 

Mme of the variations stood up to extended exposure to 
molten silicon sufficiently to be recotnoended as a container 
material. However, directional solidification experiments 
by JPL suggest that, under proper conditions, contamination 
of the silicon by nullite containers cm be minimized. To 
iomrove an alrea^ good thermal exparision match between 
mullite and silicon, compositional variations were studied. 
Altering of the alimina-silica ratio was determined to give 
a continuously varying thermal expansion. Thus, a 
composition cm be selected to give die desired thermal 
expansion match with silicon. Concurrent to this work, a 
standard nullite composition was selected to be used for 
fabrication developmmt. The major fabrication development 
requirementm were to make siriistrates 40 x 4 x .040 inches 
and slotted substrates, fabrication of standard nullite 
composition substrates, nominally 40 x 4 x .040 indies, have 
bem made and delivered to Honeywell. Slotted sdistrates of 
various configurations and varioim cospositions are 
regularly being suf^lied to Honeywell. 
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Final Report. Dovelopnent and Evaluation of Die and 
Container Hater iais. 

R. R. Uilla and D. E. Nieaz 

Bat telle ColuDobus Laboratories 

95^76 

May 1979 

DOE/JPL-954876^9/6 

Specific conpositlons of hi^ purity silicon alunimn 
oxynitride (Sialon) and silicon berylliin oxynitride 
(Sibeon) solid solutions are shoun to be prooisii^ 
refractory materials for handling and manipulating solar 
grade silicon into silicon riUxxi. 

Well controlled processing schedule;; were developed for 
fabricating hi^ purity Sialon and Sibeon materials. 
Essentially the impurity content of the hot pmsed ceramics 
was due only to imfxjrities from the original startii^ 
powders. A ceramic shaping die was successfully formed by 
diamond machining of a hot pressed blmik. Projected 
manufacturii^ cost estimate for 10^ dies per year is $3.40 
per die. 

Evaluation of the interaction of these materials in contact 
with molten silicon indicates that solid solutions based 
upon 0 >Si<)I^ are more stable than those based on 
S 12 N 20 . Sibeon is more resistant to molten silicon 
attaa than Sialon, and both materials should prefer^Iy be 
used in an inert atmosphere rather than under vacuun 
conditions. This is because removal of oxygen from the 
silicon melt lu the form of SiO enhances the dissolution of 
alunlnun and beryllium. Ihe wetting angles of these 
materials are low enough (37<^ for x - 0.75 6 ' Sialon and 
49^ for X 0.33 Sibeon) for these materials to be 
considered as both die and container materials. 
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Final Raport. X>Ray Mr isuramenta of Stresses and .isfects in 
EFG and Large Oralr^ Polycrystalline Silicon Rit^xma 

C. N. J. Vbgner 

University of California 

95^51 

August 1979 

DQE/JPL 95A851-79/2 

The Bond method has been employed to measure the lattice 
parameter a in the area of 0.4 mn in ' ameter of EFG 
Si-ribbonslto an accuracy of + 0.00008 A. A Bond goniometer 
was built which included a goniostat with a special specimen 
holder to mount ribbons 1 m in lengtii and 73 om in width 
which ccxjld be rotated about two ortdiogonal axes, and a 
Leitz microscope for precision alignnent of a particular 
area into the center of the goniostat and the small {vimary 
X-ray bemn. The (321) planes were f(XJnd to be parallel to 
tne surface of the ribb^ with an angular spread of about 
15°. The poles of the (111) planes clustered about an 
angle of 20° away from the surface normal, again with a 
spread of 10°. The lattice parameter of a small piece of 
ribbon material was found to be Sq “ 5.43075 A. 

Converting the observed strain (« (a^a^/a^) into the sun 
of Che principal surface stresses °1 + °2 assuming that 
the tilt angles of less than 15° can be neglected yielded 
values of °1 + °2 whidi were zero within the accuracy of 
our measurements of ± 10 but a maxlmun stress of 115 
ME^ was observed in a fractured ribbon which cctrresponded to 
the fracture stress of single crystals of Si. 


158 


TITLE: 

Al/THDR: 

CX»FQRATE AITIH: 
OONIRACr NO: 
DAiE: 

REPORT NO: 
ABSIRACT: 


Final Report. Meb-Dendritic Qrourth. Larg^ Area Siliocn 
Sheet Tbsk. 

R. B. Hilborn, Jr., J. W. Baust, Jr., Curtis Rhodes 

Olivers ity of South Carolina 

954344 

August 1979 

DOE/JPL 954344-78/1 

'Biis final report gives the results of work performed by the 
Ihiversity of South Carolina to develop metbais of producing 
large areas of silicon ribbon by the w^-dentritic method. 

A prototype web-dendritic growth machine, on hand at the 
beginning of the contract, was asseonbled and activated. A 
program for investigating the role of the various machine 
design parameters on the contract. The developmoit of the 
machine proceeded to the point where ribbons could be 
reproducibly grown to the lengths of 1 meter, with widths 
increasing linearly from a mininun, at the initiating seed 
button, up to 1 cm at the point of termination of growth. 
Considerable thermal data was collected atid evaluations were 
made of actutal seeding and growth for variations in a large 
nuDober of paranieters affecting heat loss. F^om this we 
foisid for achieving suitable growth that the mechanical 
system should be very rigid mid stable, and the tolerances 
mid specifications of the quartz crucibles must be far 
tighter than normal quartz tolerances. The widening rates 
of Che ribbons were found to be a function of the 
teoperature gradient rather than the temperature differences 
alone. A twin spacing in the seed of 3 - 2 was found to be 
unfavorable for growth; whereas spacing of .9-2 and 8-2 
were favorable. It was found, hoover, that the spacing of 
8-2 sets an upper limit of 4 rm/mln on the maxinun 
achievable rate. &ctensive thermal modeling studies were 
carried out to investigate the effect of furoace design 
parameters on the ten^rature distributions in melt and the 
growth of the dendritic-web ribbon. Ftom this study it was 
found that the pull rate of the ribbon is strongly dependent 
on the temperature of the top thermal shield, the spacing 
between this shield and the melt, and the thickness of the 
growing web. 
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Final Report, l^itaxial Silicon Growti) for Solar Oella 
R. V. D* Aiello, P. H. Robinson, and D. Ridraan 
RCA Litoratorim 
954817 

Septenber 1979 

DOE/JPL 954817-79/4 

The objectives of this contract were: 

Tb determine the feasibility of silicon epitaxial growdi on 
low-coet silicon sitetrates for the developaent of silicon 
sheet capable of producii^ low-cost, high-efficiency solar 
cells. 

Tb achieve a goal of 12% (AM-0) efficient solar cells 
fabricated on thin epitaxial layers grown on low-cost 
substrates . 

Tb evaluate the add-on cost for the epitaxial process and to 
develop low-cost epitaxial growth procedures for af^lication 
in conjunction with low-cost silicxn substrates. 

The basic epitaxial procedures and solar -cell fabrication 
and evaluation techniques are described, followed by a 
discussion of the develc^nent of baseline epitaxial 
solar-cell structures, grown on hi^-quality conventicxial 
silicon substrates. 

A description of the crystallographic properties of such 
layers and the performance of epitaxially grown solar cells 
fabricated on these materials is given. 

The major conclusions drawn from this work and 
recxxnn^ations for the further envelopment needed to 
achieve the ultimate cost goals are given. 
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Ptnal Report. Vitr«-Qrt£ OMClng on 
Ronald C. Rotsi 
Tyian Q»rporaCion 
9SA896 

SapCwbar 1979 
DOE/JPL-954896-79/1 

A CecNiical and economic evaluation waa made of a 
proprietary glaae^Iike carbon slaae coating applied to 
mullite and graphite to be uaed eit^r in thin*film silicon 
manufacture or In container ware applications. Preliminary 
evaluations had indicated that the glassy carbon coatit^ 
reacts with molten silicon to form a silicon carbide 
reaction layer that may serve as a diffusion barrier to 
prevent silicon reaction with the substrate material. The 
technical evaluation consisted of mamjfacturing test samples 
by varying materials mid process'- ; parameters in 
conformmee with a pre-selected matrix. Various tests, 
primarily coating appearimce, adherence and silicon reaction 
behavior was observed as a function of the teat parameter 
variation. The results of these tests indicated that most 
graphite and carbonaceous materials tmed as substrates will 
produce a visually acceptable coating having excellent 
adherence over a wide range of processing paramaters. 
However, no set of parameters produced a coating that could 
withstand the chemical attack nrom molten silicon and 
prevent reaction with a graphite siA>strate. The primary 
consideration of graphite substrates was in container ware 
applications requiring long-time molten silicon sxposurt. 

The conculsion of this study suggested that ^ glassy 
carbon coating might provide protection for time periods of 
30 minutes or less, am therefore was not suitable for the 
intended application. *lbe raaults of standard ceramic 
formulation indicated that a performance optimization did 
take place for the application of manufacturing silicon film 
solar arrays. When these optimized paramaters were tested 
cm type K mullite developed specifically for the intended 
application It was found that performance waa generally 
inaanaitive to processing paramaters and the selected 
parnnsters were then cost optimized. The economic analysis 
ganerated a proceaa baaad on the selected paramates for 
coatir« glassy carbon onto nawly developed mullite substrate 
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material. By using the interim stan^rd price estimating 
equation a projected cost of $1.30A(^ was calculated based 
on 1975 dollars. If further development of the type K 
mullite could eliminate the requirement for HF etch 
preparation of the substrate surface, a unit cost of 
$1.05 Ad 2 is calculated on 1979 dollars. Additionally, if 
normal advance in the Vitre-Qraf technology is assume, a 
unit cost of $0.85An^ is projected on the 1975 clollar 
basis. 


162 


TITLE: 

CORPORATE AIHH: 
OOmRACT NO: 
DATE: 

REPORT NO: 
ABSTRACT: 


Final Report. Slicing of Silicon into Sheet Material. 

Large Area Silicon Sheet Task. 

Varian Associates 

954374 

SepteoDber 1979 
DOE/JPL 954374-79/10 

Gcmplete results, from raw data to interpretation to 
recoomendations , of a prc^am to investigate the use of 
multiblade slurry sawing to produce silicon wafers from 
ingots are presented in this report. During the course of 
this program, the cooinercially available "state-of-the-art" 
process was iiq>roved by 20% in terms of area of silicon 
wafers produced from an ingpt. The process was inqiroved 34% 
on an experimoital basis. Production of 20 wafers per 
centimeter length of 100 nm diameter ingot is now possible 
on a production basis. Econooiic analyses presented show 
that further improvements are necessary to approach the 
desired wafer costs, mostly reduction in expoidable 
materials costs. T^ts which indicate that such reduction 
is possible are included, althougjh demonstration of such 
reduction was not coo^leted. Anew, large capacity saw was 
designed and tested. Performance comparable with current 
equipment (in terms of nuiher of wafers/cm) was 
demonstrate. Improved performance was partially 
demonstrated, but problems (both methanical and of unknown 
origin) precluded full demonstration of improved performance. 
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Final Report. ^:udy Program to Ilsvel(^ and Braluate Ole and 
Gbntainer Materials for the Growth of Silicon Ribbons. 

Baul E. Gtayson, Larry A. Addington 

Eagle-Plcber Industries, bnc. 

954877 

Decenber 1979 
Dtffi/JPL-954877-79/6 

The Large Area Silicon Sheet Orowtii Task objective of 
lowering the cost of silicon photovoltaic material requires 
the <kvelopmsnt of materials which exhibit iioproved chemical 
and dimensional stability in contact with molten silicon. 
These materi£ils may find application as containers and/or 
shaping dies in processes such as e^e-defined film growth. 
This paper describes the development and evaluation of 
profxrietary coatings of pure silicon carbide, silicon 
nitride and alixninim nitride on less pure hot pressed 
substrates of the respective ceramic materials. Silicon 
sessille drop experimmts were performed on coated t^t 
specimens mder controlled oxygen partial pressures. X-^ay 
diffraction and SEM characterized after testing with optical 
and seaming electron microscopy and Auger electron 
spectroscopy. Increasing the oxygen partial pressure was 
found to increase the solid -vapor inter facial free ener^. 
Adsorbed oxygen was also found to increase the degree of 
attadc of molten silicon upon the chemical vapor deposited 
coatings. Protot 3 ^ic containers and dies were delh'ered and 
cost projections s^ that reascxiably pric:ed, coated, molten 
silicon resistant refractory material shapes are obtainable. 
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Final Import. DavalqpmBnt and Evaluation of Dla Hatarlala 
for Um in tha Qrowth of Silicon Ribbona By the Invartad 
Ribbon Growth Procaaa-Tbak II-LSA Projact. 

M. T. Duffy 

RCA laboratories 

954901 

Deceofwr 1979 
DQE/JPL-954901-79/6 

Anorphous CVD layers of silicon nitride and silicon 
oxynitride are prepared by chemical vapor deposition (CVD) 
layers are converted to a- and B-Si 3 M^ with a low 
B-S 13 N 4 content. The a- phase is toen slowly converted 
to the B phase acoonpanied by simultanecxtt deconpositon. By 
contrast, silicon oxynitride (SiQxMy) layers are converted 
predominantly to B*^i^ with a low a-Si3N4 content. In 
tois process, oxygen is evolved, and there is no evidence 
for the existence of an oxynitride (hase in the resulting 
layers. The analysis also indicates that B>Si3N^ is ouCh 
more resistant to chemical attack by molten silicon than 
a**Si3N^. Consequently, CVD silicon nitride coatings are 
useful for shorter exfXMure times. Crystallographic 
analysis of silicon ribbon test specinim, grown from 
CVD-^ted vitreous carbon dies, indicates that silicon 
carbide inclusions are not present in the ribbon sanples. 

The results of infrared analysis also show that the carbon 
content of the silicon ribbons is below detection level and 
lower than in the Gtodiralski seed material. 
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Final Report. Silicon Sheet Groirtb Developaent of the Large 
^rea Sheet Thsk of the Low Ooet Silicon &lar Array Project. 

C. Moody Jotmson 

Kayex Qorporatlon 

954888 

^farch 1980 

DQE/JPL-954888-80/12 

The production of low-cost silicon capable of being 
proo^sed into solar cells yielding efficiencies of 14X AML 
is an essential requiresient of the JPL/DOE Low-Qost Solar 
Array (LSA) Project. Kayex has developed a process for 
CKochralski-type crystal growth that significantly reduces 
the major cost item (other tiian the silicon itself) involved 
in state of the art Gzodiralski growth - the quartz 
crucible. The new technology generated mder this contract 
can decrease the add-on cost for silicon production from at 
least $51Ag (present state of the art) to $16.14Ag (CZ 
#3). This translates into an add-on cost of $0.25/pk watt 
if the JPL/DC^ goal of $14Ag is assimed for the polysilicon 
material used for the growth of crystal ingots. Qonclusions 
and technology status are reported for both phases of the 
contract which had the following objectives: -The growth of 

100 kg of silicon single crystal material of ten (10) on in 
diameter or greater, utilizing one caaaxt silicon container 
material (one crucible). -The growth of 150 kg of silicon 
single crystal material of fifteen (15) cm In diameter, 
utilizing one cannon silicon container material (one 
crucible). The objectives of the project included: (a) 

Developing a new technolc^ concept that would allow a Heboco 
OC2000 crystal grower to be recharged with a new supply of 
polysilicon material while still imder vacuum and at 
temperatures above the melting point of silicon, (b) 
Modifying the Hamco G62000 cr 3 rstal nower to 1) accept large 
polysilicon charges - up to 30 kg 2) grow large crystal 
ingots (to 15 cm diameter and 25 kg in weight) 3) hold 
polysilicon material, for recharging (rod or lump) while, at 
the same time, growing crystal ingots, (c) Designing 
special equipooent to 1) recharge polysilicon rods 2) 
recharge polysilicon luiq» 3) handle and store large* hot 
silicon crystal ingots, (d) Developing a new prcx:ess and 
prcx:edure for growing silicon cr}rstal ingots a^ recharging 
polysilicon material without contaminating the furnace or 


breaking tbe silicon container material (crucible). During 
the last two and one*4ialf years, many continuous crystal 
growth runs have been perfonned. IhMe runs have iMted as 
long as 109 hours and product as many as ten (10) crystal 
ingots. Crystal sizes have reached 15 cm with weights 
progressing to 27 kg. Ihe final phase of the program 
culminated in two 150 kg ^mtinuous runs being achieved by 
the growth of six (6) 25 kg ingots from one crucible. 
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Final BaporC. Qumtitatlve Analyaia of Defecta in Silicon 
R. Nateah 

Materiala Elsaearcb, Inc. 

954977 
April 1980 
DOE/JPL 954977-79/6 

The analyaea of one hundred and aevenCy four ailicon aheet 
aamplea, about 1200 aquare centlinetera , for twin boundary 
denaity, dialocation pit denaity, and nain boundary lengtl) 
has be« acccoipliahed . Che hunted and thirty three of 
these saDoples were manufactured by Mobil Tyco, thirty two by 
Motorola, seven by IBM, one by Holywell, and one by 
Vfacker. Procedures have been developed for the quantitative 
analyses of the twin boundary and dislocation pit densities 
using the QIM-720 Quantitative Image Analyzing System. The 
QlM-720 system has been upgraded with the addition of a POP 
11/03 computer with dual floppy disc drive, a Digital 
Equipment Writer (111) hi^ sp^ printer, and a Field-Image 
Feature Interface Module. These changes have neatly 
er^anced tdie speed and reliability of the Q^-7^ ^tem as 
well as improving the data storage and printout capability. 
Three versions of a computer program that controls the data 
acquisition and analysis on the QfIM-720 have been written. 
Procedures for the chemical polishing and etching of Mhil 
Tyco, Motorola, IBM, and Wacdcer samples have been 
developed. This report describes the complete proc:edures 
for the effect analysis of silicon samples using a QTM-720 
Lnage Analyzing System, and includes chemical polishing, 
etching, and A'lM operaticx). The data from one hundred and 
seventy fcxir samples, and a discnjssicxi of the data is also 
included herein. In addition to the above work, cxxoparisons 
of the capabilities of a variety of powerful analytical 
techniques in analyzing impurities from four different 
silicon matrix was perfoin^. The silicon matrix analyzed 
were Mobil Tycx> (EFtr-RH find EPGHRF) , Honeywell (SCK) , and 
Motorola (RTR). The techniques used were: neutrcxi 
activation analysis, spark source mass spectrometry, icxi 
scanning spectrometry, secondary icxi mass spectrometry, 
scanning auger microanalysis, electron spectroscx}py for 
chanic:al analysis, icxi microprobe mass spectroscopy, and 
optic:al micnroscopy. The results showed sigpificffiit 


di£fer«ncM in the verloue «wlytical techniquee for 
analyzing silicon inpurities and, in addition, provided 
ioopotcant information rc^rding titie type and distribution of 
infxjrities present in the various silicon siatrix. Ihe 
details of this work is presented in a separate report 
(Mll-267) to JPL. 
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Final Report. Developnent of Mathode of Producing Large 
Areas of Silicon Sheet by the Slicing of Silicon Ingots 
Ibing Inside Diaoeter Saws. 

Peter Aharonyan 

Silicon Technology Corporation 

955131 

April 1980 

DOE/JPL-955131-81/2 

l.D. wafering equipoent. blades and processes were used to 
develop meth^ for producing large areas of silicon sheet. 

Modifications to a 16 inch STC automated saw included: 1) 

progrannable feed system; 2) crystal rotating system and 3) 
STC Dyna-Track Blade monitoring and control system. 

^ controlling the plating operation and by grinding of the 
cutting edge, we were able to produce 16 indi l.D. blades 
with 3 cutting edge thickness of .22 nm. Qrystal rotation 
mechai ism was used to slice 100 nm diameter crystals with a 
16 indi blade down to a thickness of .20 nm. 

Gutting rates with crystal rotation were generally slower 
dial with standard plinge l.D. slicing techniques. Using 
prograBmed feeds and prograosned rotation, maximm cutting 
rates were from 0.3 to 1.0 inches per minute. 
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Final Raport. Ef facts of VSoryli^ Okygm Ftotial Prsssurs on 
Mbltsn Silicon - GersDsic Substrate Incsrsctiona . 

P. Csrrsll Outd>y, Hnrold V. Ronsro and Mlchsl W. Barsoun 

Ihivsrsity of Missouri 4blla 

955415 

/^ll 1980 

DOE/JPL-955415-2 

The objective of the Ihiversity of Missouri -Rollr prograa 
under the Jet Precision Laboratory Loir Cost Silicon Solar 
Array contract is to invratigate t^ie interaction of molten 
silicon with various die aid container candidate materials 
under varying oxygen partial pressures. This has been done 
by mahii^ silicon sessile drop contact angle measurements on 
the amdidate materials to determine the degree to which 
silicon wets these substances, and subsequently sectioning 
the post-sessile drop experiment sanples and taking 
photomicrographs of the silicon -substrate interface to 
oteerve the degree of surface dissolution and d^radation. 
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Final Raport. SLicing of Singla Qryatal and Bslycryatallina 
Silioon wgota Iking liilti-Blada Sana 

Jack B. Boaa 

N>rlin bKkjaCriaa, Inc. <P. R. Hnffinm On.) 

<>55563 
May 1980 

DOE/JPL 955563-80/1 

Ihis contract waa iaaued by JPL to aerve primarily as a 
feaaibility atudy during fdhich the capabllitiea of F. R. 
ibffinan Qo., Division of Norlin Induatrief', Inc., could be 
evaluated with regard to our ^llity to aatiafactorily 
provide the reaeard) and development effort Which tiould lead 
to c^imiaation of the Multi -Bl^ blurry aafering technique 
as a contribution to the realization of tbe goals of the 
(JOOE) low-Ooat Solar Array Project. In widition to oadring 
several wafer ing runs, we were to provide sufficient data 
necessary for a complete coat analysis of each of tbe three 
typsB of saws utilized. 
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Siltec Gorporation 

954886 

Jiaie 1980 

DOE/JPL 954886-80A1 

The purpose of this phase of the oontinuous liquid feed 
program is tiie design and develc^msnt of equipomt and 
processes in order to ultimately demonstrate the oontinuous 
growth of crystals, by the use of the Qeochralski method, 
suitable for producing monocrystalline silicon for use in 
solar cells. This involves the growth of at least 150 kg 
monocrystalline silicon ingots, 150 urn in diameter, obtained 
from a single growth container. Our approach to meeting 
this goal is to develop a furnace with oontinuous liquid 
replenishment to the growth crucible. Deoionstrations using 
the siliasi polyrod feed mechoiism continued this quarter 
providing continuous melt replenishment to the meltdown 
chanher, subsequent transfer of this melt, and the 
simultaneous growth of silicon ingpts in the growth 
(haoDber. The frame to the CLF furnace was extended in order 
to accomoxxlate 50 kg crystal ingots above the gate valve, 
hence enabling us to accomplish our goal of 150 kg 
throughput. Development work continued on various aspects 
of the melt transfer system. 
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Final Report. EBIC/TEM Investigations of Defects in Solar 
Silicon Ribbon Materials 


D. G. Ast 

Cornell Ihiversity 
95A852 
January 1981 
DOE/JPL 954852-81/4 

Many of the growth methods whid) produce silicon material 
for the fabrication of inexpensive solar cells yield 
material which contains a relative high density of 
structural defects, such as grain boundaries, twin 
boundaries and dislocations. Because such defects will, in 
general, reduce the efficiency of a solar cell, there is a 
tedmological incentive to study the formation and structure 
of such defects, and their influence on the minority carrier 
lifetime. 

This report discusses the aK>lica^ions of HM and EBIC to 
the study of crystalline defects 
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Qiiarterly Report. Silicon Lngpt Casting^ieat Exchange 
Method (HEM) Multi-Wire Slicing-Fixed Abrasive Slicing 
Technique (FAST) - Phase IV for Large Area Silicon Sheet Task 

F. Schmid and C. P. Khattak 

Crystal Systems, Ihc. 

954373 

Rsbruary 1981 
DOE/JPL 954373-80A6 

'Sie crystallinity of large-size Ingots has been studied as a 
function of the beat flow conditions at the bottom of vhe 
ingot. The size of the ingot has an inqx>rtant effect on 
crystallinity. The breakd^ in crystallinity across the 
bottom has be'^ resolved to an area in the vicinity of the 
melted-back seed. Generally, homogeneous resistivity 
distribution has been achiev^ all over the ingot. 
Electroplating of diamonds on one side of the wirepack has 
an infxortmit effect on slicing performance. However, 
diamo^ electroplating must be carefully controlled to have 
a good seat in the grooved rollers. An in-house 
electroplating facility is now operational. Good 
performance was achieved with the initial in-house 
electroplated wirepacks. Projected add-on cost of HEM ingot 
casting process has been carried out JSing IPBG analysis. 

The value that was obtained is $8.65An^ well below the 
allocation of $18.15/m^ to meet the 1986 goal. 
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Final Raport. Silioon-on Qeramic Procass. Silicon Shaat 
Qrowtii and Devioa Davalopaiant for dta Large*^aa Silicon 
Sbeat Tkak 


B. L. Gtuc^i J. D. Haapa, F. M. SdmiC, S. B. Scbuldt wd J. 
D. Zook 

Honeywell Oorporate Material Sciencee Center 

954356 

^ferch 1981 

DOE/JPL 954356-80/15 

'Rie objective of this Research and Development program was 
investigate the technical feasibility of producing 
solar-cell -quality sheet silicon to meet the DOE 1986 
overall price goal of $0.70/watt. «<fitb the 
silioon-on-ceramic (SX) ai^oach, a low-cost ceramic 
substrate is coated with large-grain polycrystalline silicon 
by unidirectional solidification of molten silicon. Ibis 
R&D effort was divided into several areas of investigation 
in order to most efficiently meet the wals of the program. 
Ihes: a^esi incliyi*; 1) dip ‘XMting; /) continuous 
coatif^-deslgnated SClrl-coating. an acrcnym for Silicon 
Coating by an Inverted Meniscus: 3) material 
characterization; 4) cell fabrication and evaluation; and 5) 
theoretical analysis. 

Both coating a{^oa(hes were successful in producing thin 
layers of large-grain, solar -cell-quality silicon. Ihe 
dip-coating apOToach was initially investigated sod 
considerable effort was given to ^is tectmiquj. The SCIM 
technique was adopted later because of its scile-up 
potentiality and its capability to more conveniently produce 
large areas of SOC. 
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Final Report. Silicon Solar Qall Procass 
Develc^nmC /Ribr icaCion /Analys ia . 

J. A. Hinahan 

%)6CCrclab, Inc. 

955055 

htarch 1981 

DOE/JPL-955055-81/6 

Solar cells have been fabricated from unconventional silicon 
materials in the second and final phase of the contract. In 
the most recent period of work, EFG, Vieb, HEM, and 
continuous CZ silicon materials were fabricated into solar 
cells, measured and analyzed. Current -voltage measurenients 
under AML conditions, in addition to those under AMO 
conditions, were introduced in Riase II. Several low-cost 
fabrication steps were included in that phase. Both Ham and 
Gbntinuous CZ silicon were found to be superior to that 
whidi had been provided in Phase I. Correlation between 
quality of starting materials and cell axiversion efficiency 
was observed for Hem-grown silicon. Correlation between 
position in die crystal growdi sequence and cell quality was 
observed for Continuous CZ. 
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Third Quarterly Progress Rsport. April I - June 30, 1981. 
DBvelcqment of Advffiiced OBO^ralski Gtowth Process to 
Produce Low Cost 130 Silicon Lngpts from a Single 
Qrucible for Technology Readiness 

R. L. Lane 

Kayex Gorporation 

955733 

June 1981 

DQE/JPL 955733-81/3 

The program was extended from October 31, 1981 to March 31, 
1982 widn the same goals and budget. 

The proems development continued, wit^ a total of nine 
crystal growth runs. One of these was a 150 kg run of 5 
crystals of approximately 30 kg each. Several machine and 
process pr(hlems were corrected and the 150 kg run was as 
successful as previous long runs on G62000 RGs. The 
accelerated recharge and growth will be attenpted when the 
development program resimes at full capacity in Fy82. 

The automation controls were integrated to the seed dip 
temperature, shoulder, and diameter sensors on ti)e OC2000 RC 
development grower. Test growths included four crystals, 
which were grown by the coo^ter /sensor system from seed dip 
thro^ tail -off . This system will be integrated on the Hod 
CX»2000 grower during the next quarter. 

The analytical task included the completion and preliminary 
testing of the gas chromotograph portion of the FUrnace 
Atmosphere Analysis system. 

The revised program plan is on schedule and is expected to 
remain close to the cost and schedule projections during the 
next quarter. 


178 


TITLE; 


AUTHOR: 

OORFQRAIE AUIH: 
OONERACT NO: 
DATE: 

REPORT NO; 
ABSIRACT: 


^jarterly Report. Silicon Solar Cell Process Development, 
^brication, ari Analysis. 


H. I. Yoo, P. A. lies, and D. C. Leung 
Optical Coatings Laboratory, Inc. 

955089 

Septeccber 1981 
D0E/JPL-95S089-81/13 

During this reporting period, work has progressed in 
fabrication and characterization of solar cells from UCP 
wafers and LASS ribbons. Gettering tests applied to UCP 
wafers made little change on their performance compared with 
corresponding baseline data. Advan^ processes sudi as SJ, 
BSF, atKi MLAR were also a{^lied. While BSF by A1 paste had 
shunting problems, cells with SJ and BSF by evaporated Al, 
and MLAR did adiieve 14.1% AML on UCP silicon. Ihe study of 
LASS material was very preliminary. Ohly a few cells with 
SJ, Bl^, (no BSF) and ^dAR v7ere coaq)leted due to medianical 
yield problems after lappirig the material. Average 
efficiency was 10.7% AMI with 13.4% AML for CZ controls. 
Relatively hi^ minority carrier diffusion lengths were 
obtained. Ihe lower tiian expected Jg^ could be partially 
explained by low active area due to irr^lar sizes. 
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l^rge Ar«a Silicon ShMC by EEC. Sacond Qjarterly Rapott 
for period covering April 1, 1981 - .Xne 1981 

Jbria P. Kaleja 

Mobil Tyco Solar Snergy Corporation 
954355 

SepCeoEber 1981 
DCffi/JPL 954355/81-18 

Ihe influence of paraneCers sud) as OC^ concentration, gas 
flow patterns, quartz in bulk malt, melt doping level md 
growth speed on ribbon properties has been exonined for 10 
cm wide ribbon. Ohe of the isore important findings is that 
ribbon quality is optimized for aobient argon 

concentrations in the range from 1000 tx> 5000 Gall 
performance degrades at OO 2 concentrations abow 5000 ppm 
and IR interstitial oxygen levels decrease. These 
ex^iments have been dm primarily at a growth speed of 
3.n cmMinute. 

Cartridge parameters influencir^ the ribbon thickness have 
been studied and thidcness uniformity at 200 microaeters (8 
mils) has been io^oved. Growth stability at Che target 
speed of 4.0 cmMinute has also been implied significantly. 

A successful demonstration of interface aabient control in 
Rjmace 16 has been carried out. Ribbon characterization 
has shown that SPV diffusion lengths and cell performance 
have improved with OO 2 introduced into the multiple 
furnace environment. 
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Final Raport. Silicon VW> Procaaa DsvelopDNnt. 

C. S. Duncan, R. G. Seidenstldrar, J. P. Mciiigh, M. E. 
Skutd), J. M. Driggers, and R. H. Ibpkins 

Vfestinghouse R&D Gsnter 

954654 

October 1981 

DOE/JPL-954654-80/13 

Silicon dendritic web is a sii^le crystal silicon ribbon 
material with unique advantage for the manufacture of low 
cost solar cells. Shaped by the interplay of natural 
crystallographic mid surface tension forces, rather than by 
potentially contaminating dies, the wto produces solar cells 
with excellent conversion efficiency. Fbr example, the 
maxinun demonstrated ^ efficiency, 15. 5X, is so far the 
highest value reported for a ribbon material. The web 
process also conserves expensive silicon. Because 
impurities are rejected from the ribbon during crratal 
growth, it is feasible to use cheaper , I^s pure '^lar" 
grades of silicon as feedstocdr for the web pro(^s. 

Moreover, long flexible web strips facilitate automation of 
both crystal growth and the siA>sequent cell -manufacturing 
operations. Taken together, these diaracteristics have made 
the w^ process a leading candidate to achieve or better the 
1986 low Cost Solar Array (LSA) Project cost objectives of 
70 cents per peak watt (1980 dollars) of photovoltaic output 
power. 

During the past three and a half years of steady tedmical 
progress, the web process has evolved from one with all the 
potential advantage suggested above to a method very close 
to te<hi>ology reroiness for comnercial development of low 
cost solar cells. Vleb output rates were raised more than 
ten fold to 27 cm^Min, and cell efficiencies were 
increased to 15.5% from about 13%. Melt replenished growth, 
whi<* was merely a concept in 1977, has now been 
demonstrated under operator control for a full one-day 
growth cycle and for periods of one eight-hour shift with 
complete closed-loop control. The melt level was maintained 
constant to + 0.1 nm, a (kgree of control better than the 
estimated requirements for automated continuous growth of 
web. The wd> produced under continuous operation produced 
solar cells with excellent efficiency. Besides th^e 
systems -related developnmts , we have shown that silicon web 
can routinely be grown with thicknesses below 150 ym to 
conserve silicon, and that the resultant ribbons h^e 
dislocation densities less than 10^ cm“2. Silicon web 
has been »own from experimental 'low-cost'* silicon 
(Battelle), as well as from purposely contaminated 
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feedstock, and yet has produced efficient solar cells. 

Hence, ccoopatibility of the process with cheaper, less pure 
solar grade silicon seems likely. 

Collectively diese adiievements imply that the web process 
has an excellent chance to better die DOE/JPL 1986 ^1 for 
sheet plus polysilicon cost of 22.4 cents per peak watt 
(1980$). Our projected web cost is in fact 17.3^ per peak 
watt assiming area throu^put rates of 25 cm^Anin, 151 ^M1 
cell efficiency, a three-day melt replenished growth cycle, 
sjrstem automation, and silicon at $14 per kg. Aside from a 
three-day growth cycle and the silicon cost, these 
objectives individually have been met. The next step is the 
design, assembly, and oper/ition of a prototype automated web 
furnace to danonstrate the technolc^ readiness of the 
process. 
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Qua?cerly Report. Advanced Orntrltic Utt> Growth Oavelopaient 

C. S. Duncan, R. G. Seidero ticker, J. P. R. H. 

Hopkins, D. I^ier, and J. Sdiruben 

Uestingjhouse R&D Center 

955843 

October 1981 

DOE/JPL 955843/81-3 

Silicon dendritic web is a single crystal ribbon form of 
silicon capable of fabrication into solar cells witi) AML 
conversion efficiency in excess of 15%. 

During this third quarter, tliree major areas were 
eoqitasized: 1) D^elopment and a[^licatlon of the thermal 

model for calculating budding stresses as a function of 
temperature profile in the web, 2) systematic evaluation of 
lid ;^nd shield concepts to provide the data base for 
enhancing growtii velocity, and 3) tiie design and 
construction of a new experimental wd> growth m^ine whlcn 
eobodies in one unit die medianical and electronic features 
developed in previous work. In addition, evaluation of the 
new melt level control system was begun, along with 
preliminary tests of an elongated crucible design* The 
economic analysis was also updated to incorporate some minor 
cost diaries. 

Both the mechanical and electronic designs of the new 
experimental wd? growth madiine are complete, purdiased 
components ordered and fabrication is in progress. 

Ihe melt level control system has been tested during wd> 
growth and sooie minor but desirable modifications identified. 
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Final Report. Analysis of Defect Structure in Silicon. 


R. Natesh. M. Mena. H. Fllcbta, J. M. anitb. and M. A. 
Sellani 

Materials Research, Inc. 

955676 

>^il 1982 

DOE/JPL-955676-1 

the analyses of one hundred and ninety'-.lTree (193) silicon 
sheet samples, approximately 880 square centimeters, for 
twin boun^ry density, dislocation pit density, precipitate 
density, and grain boundary lei^th has been acccmpllshed in 
tbe past contract period. Cbe hundred and fifteen (115) of 
these sarnies «^e manufactured by Cr 3 ^tal Systems, Inc., 
using their Heat Exchanger Method (HEM), thirty-ei^t (38) 
by I^il lyco using Edge-defined Fflm-fed Growth (EP6), 
twenty-three (23) by H^ywell using the Silicon -on -Ceramics 
(SOC) process, a^ ten (10) by Vfestin^iouse using the 
Dendritic Vfeb process. Seven (7) solar cells were also 
step-etched to determine the internal defect distribution on 
these samples. 

Procedures have been developed for the quantitative 
characterization of structural defects su<h as dislocation 
pits, precipitates, twin & grain boundaries using a QIM 720 
Quantitative kiage Analyzing System Interfaced with a PDP 
11/03 mini-ccmputer. These procedures were routinely 
stalled to all the samples. Characterization of the grain 
boundary length per unit area for polycrystalline samples 
was done by using the "intercept meth^" on an Olympus IfiM 
Microscope. 

This report describes Che steps involved in the 
characterization of structural defects in the varicxm types 
of solar cell materials analyzed. A summary of results as 
well as discussions of the data are also pr^ented. 
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Development and Validation of a Life Prediction Methodology 
for LSSA Dicapaulated Hxlulee. 

Clifford Goulbert 

Jet Propulsion Laboratory 

NTIS-346-223-CC 

346-223-CC 

.Xne 1977 

5101-40 

Tbi.s report outlines an approach to the development of a 
life prediction methodology for polymer encapsulated 
photovoltaic cell solar array hardware. The diaracteristics 
and output of an ideal life prediction model are described. 
Such a model depends on the development of quantitative 
Intermediate relationships beveen the envirormoital 
exposure parameters and the basic chemical mechanisms of 
material aging. These are described conceptually along with 
suggested relationships which might be developed for 2 
potential solar array failure modes, optical transmission 
loss and delaminations. Tie use of accelerated /abbreviated 
testing in the developmoit of a life prediction methodology 
is reviewed. The distinction between testing to reveal 
failure modes and testing to define rates of degradation is 
presented. The point is also made that acceptance tests and 
performance tests which involve some degree of stress 
acceleration have very limited application to predicting 
module lifetimes. 
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Oicapsulation Material Ttenda Relative to 1986 Goat GmIs. 
Qjddihy, E. 

Jet Propulsion Laboratory 

April 1978 

5101-61 

The statis and an assessmait of solar photovoltaic mcxlule 
encapsulation systems ai^licable to the low-cost Solar Array 
(LSA) Project 1986 cost and performarK^ goals are 
presented. The 1986 LSA cost goal for a 20-year life solar 
cell module is $.50 per watt or $5 per FT^. Out of this 
cost goal, $.25 per FT^ is currently allocated for the 
encapsulation construction materials, including the 
medimical support for the cells. Six basic construction 
elements were identified and their functions defined. These 
elements are outer covers, pottants, siADStrates , 
superstrates, adhesives, and back covers. Fbr each 
construction element, a uniform costing basis was 
established for comparative analysis and an ext^ive survey 
of existing cr'mercial materials which could be used was 
carried out. This survey generated an appreciation of the 
mininuD cx)sts which must be paid for the materials of each 
construction element and a better awareness of the 
likelibcxxi of fabricating a $.25 per Ft 2 enc:apeulation 
system. The survey permitted identifiction of the 
lowest-cc^ting material classes which ccxjld be used to meet 
the 1986 cost goals Material deficiencies identified in 
this survey also permitted recognition of material 
cbvelopmental activities needed in the future. The 
resultant cxjtput frcxn cost and materials analysis deriv^ 
from these ongoing surveys* , suggests that a $.25 per Ft 2 
encapsulation cost goa^ is attainable, but not without some 
specifically directed material developmental activities. 
These activities will fcK.us cxi modificzaticxis to existing 
materials and evolvement of new and specific prcxluct lines 
from existing and well-established material families. 
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A cost of $2.00 per watt by 1982 has been established by the 
LSA Project as an intermediate goal to the primary Project 
gpal o£ $0.50 per strawman designs for $2.00 per watt arrays 
including various options, tradeoffs, and cost. TO suji^xnrt 
this primary output, information is presented on 
encapsulation ex^ience, encapsulation system design 
criteria, and basic preparation and costs of candidate 
materials. 

The encapsulation system can be subdivided into six basic 
elements: top covers, sups' 4 ates, pottants, adhesives, 
siibstrates, and bottom co\-^* The roles of these elements 
in the encapsulation system are described in this document. 
Candidate materials are examined in relationship to their 
usage as one or more of the six basic encapsulation 
elements. Their properties, cost considerations, 
availability, and processing diaracteristics are discussed. 
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Iliotodegradation of Polymeric Bicapsulants of Solar Cell 
Modules . 

A. Gupta 

AUTK: Jfet Propulsion Laboratory 

August 1978 
5101-77 

This report deals witii the medianisms of photodegradation of 
encapsulant materials in solar cell modules. Data have been 
presented on irradiation sources, their a{^lications in 
simulative or accelerated testing or mech^istic studies, 
and their calibration. In discussing mechanisms, the 
emphasis has been on the possible application of these 
me^anisms in creating models which correlate a change in 
molecular structure to changes in physical properties, 
which, in turn, cxmtrol performance in the field. For 
example, photcx)xidation of silicones has beai shown to yield 
hydroxyl groups pendant on the siloxane chain which 
incn*eases the polar character of the siliccxie surface, as 
indicated by surface energy analysis. A change in the 
surface polarity of silicxxies directly affects their 
interfacial bond strength to module substrates and czauses 
weakening of bond strength to hydrophobic surfaces. 
Experiments prove that such a UV weakened bond may undergo 
delaminationg on exposure to moisture. 

A major section of the report is devoted to acrylic 
photochemistry and the role of UV stabilizers and screening 
agents, because they are viewed as potential low-cost 
encapsulants czapable of cxjtdcxzr performance for 20 years or 
more. In addition to reviewing some of the rich literature 
in these areas, we have described scxne inhouse work of 
preliminary nature. It is hoped that the addition of these 
recent results will add a topical flavor to the report. 

Anong the acrylics we have studied are the methacrylates, 
the acrylates, and their copolymers which often possess 
unique photochemical properties not ascribable to either of 
the two copolymers by thanselves. 
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Effect of Photodenadation on Chemical Structure and Surface 
Characteristics of Silicone Pottants Used in Solar Cell 
Modules . 

A. Gupta 

AUIH: Jet Propulsion Laboratory 

August 1978 
5101-79 

Solar cell modules of Bloclr 1 and Block II purchase 
delaminated in die field after passing JPL acceptance 
tests. Attecopts to simulate field failure using 
conventional thermal and humidity cycling tests were 
unsuccessful. It was surmised diat delaoiination mi^t be 
caused by degradation of the adiesive bond caused by solar 
ultraviolet. 

A failure analysis was carried out in terms of generic 
physiodiemical medianlsms which included a careful 
assessm^it of time acceleration of ultraviolet radiation. 

The proposed model included rate of change of silicone 
material properties, Including properties of the surface as 
a function of aging under well characterized ultraviolei. 
irradiation and rate of change in bond strength. Failure 
observed in the field was then simulated in test specimens, 
and the failure rate was ccnpared to that observed in the 
field. 

The inherent variability of the silicone surface from point 
to point often exceeds changes in properties caused by 
aging, and it is therefore difficult to obtain unanbiguous 
results from the failure analysis described above. This 
ambiguity may be resolved by monitoring more than one 
surface property whose degradation correlates with the 
failure mechanism under study. For delamination of 
silicones (RTV-615 and Sylgard-184) frcm certain hydrophobic 
substrates we have identified material properties of the 
polymer which correlate with bonding properties of its 
surface and therefore predict environmental aging conditions 
under which debonding would occur from a specific 
substrate. This type of analysis of the failure mechanism 
probes into the molecular basis of tlie failure and is of use 
in designing accelerated tests which would allow predicting 
lifetimes i^er given (or known) envircxiik?nts. Figure 1 
s.mmarizes this mechanistic approach to failure analysis and 
lifetime prodicticxi. 
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The focus of the discussion has aI«Mys been pottants, since 
in our view the pottant is the central elenent in 
encapsulation design, and material choice for cover and 
substrates must take into account the protection the pottant 
needs. A low'cost pottant, for example, may need protection 
from UV, necessitating the addition of UV screening agents 
in the cover. Polyvinyl butyral needs a hermetically sealed 
environment in order to function outdoors without 
degradation. Hence, it must be sealed between two pieces of 
glass or other material impervious to moisture and oxygen. 
The choice of aifttesives and primers is also based partically 
on the dx>ice of the pottant. An example is provided by our 
work on R1V-615. It Is found that RTV-615 (70 mil) will 
delaminate with ultraviolet light followed by water soak if 
either RTV 108 or C}C 36-060 is used as primers. Thus, 
adoption of Che material science ap[roach to life prediction 
dictates that, initially, we study the medioiism of 
photodegradation of potential candidates for pottants. 
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Low Cost Solar Array Project. Low-Cost Bicapsulation 
Materials for Terrestrial Solar Cell Modules. 

Jet Propulsion Laboratory 

Deoeoiber 1978 

5101-78 

Solar cell modules oust undergo drsoiatic reductions in cost 
in order to become economically attactive as practical 
devices for the production of electricity. A federal goal 
seeks to have, by 1986, and industrial capability of 
producing solar cell m^ules at a cost of 50^ per watt (in 
1975 dollars) ar.d a Sv^-rvice lifetime of 20 years. Ibday's 
modules cost more than $11. (X) per watt, and they have an 
undefined lifetjone. Part of the cost reductions must be 
realized by the encapsulation materials which are used to 
pacdcage, protect, and sui^x}rt the solar cells, electrical 
intercocmects, a^ other ancillary cxmponents. It is 
estimated that to meet a cx>st goal of 5CM per watt, 
encapsulation materials, including the structural substrate 
or superstrata, should cost between $2.70 and $5.00 per m^ 
of module area (in 1975 dollars). This dcxmaait presents the 
findings of material surveys intended to identify low cost 
materials which could be functional as enc:apsulant8 . This 
ckxnment further assesses the prognosis for achieving an 
enc:apsulation system at the lower cost goal of $2.70 per m^, 
and identifies the technologies vhich must be advanced or 
developed to achieve 20-year life with the lc3west costing 
materials. 
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EKperience with Sili<x)ne8 in Photovoltaic Modules. 

J. Repar 
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Photovoltaic cells which are employed in terrestrial 
environments require extensive protection for various 
reasons. The cells are fragile, and metal ccmpon^ts are 
subject to corrosion as the result of <±emical reaction with 
various constituents in the atmosphere. Electrical 
insulation is required where metal substrates or frames are 
used. Ih addition, the deposition of atmospheric dust on 
surfaces requires that the surfaces be capable of 
withstanding repeated cleaning operations. 

Materials covering the cells on the sinlit side must be 
transparent with low light absorption, particularly in the 
range of 400 to 1100 nanometers where silicon solar cells are 
most responsive. Although various types of glass and 
plastics have been en^loyed as aicapsulation materials, 
several room temperature curing silicones have processing 
characteristics which are readily applicable to encapsulation 
of silicon solar cells and also have excellent light 
transmission properties coupled with high dielectric 
strengths. This report will be confined to a discussion of 
experience with rcxm tanperature curing silicones. 

Experience in Ijth field and laboratory tests has indicated 
that delaminaticxi and other bond failures occur where 
silicones are used. The three which have been most widely 
used are General Electric's RTW-615 and two from Dow Coming, 
nanely, Sylgato 184 and Q3-6527. A thin silicone film, 
Ql-2577, which is also a Dow Coming prcxiuct, has been used 
as a hard cover over eiuhar RTV-615 or Sylgard 184. These 
studies were undertaken in an effort to determine the causes 
of delanination and otner bond failures associated with the 
use of these silicones. The effects of deviation from 
recomnend^ processing procedures during manufacture, and of 
various envirormental factors during field exposure were 
examined . 
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Low Cost Solar Array Project. Chemical Bonding Technology 
for Terrestrial Solar Cell Modules. 

Edwin P. Plueddemann 

Jet Propulsion Laboratory 

Septenber 1, 1979 

5101-132 

This report on diemical bonding technology for terrestrial 
solar cell modules includes an introduction to the 
state-of-tbe-art , general principles for module application, 
as well as test results and evolving recomnendations of 
chemical bonding agents for ethylene vinyl acetate. 
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Reactor for Simulation and Acceleration of Solar Ultraviolet 
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E. Laue and A. Gbpta 
Jet Propulsion Laboratory 
Septariber 1979 

DCE/JPL-1012-31 and 5101-135 

M environmental test c^taober providing acceleration of UV 
radiation and precise teoiperature control (± PC) has been 
designed, constructed and tested. This chaDober allows 
acceleration of solar ultraviolet up to 30 suns while 
maintaining teoiperature of the absorbing surface at 30^ - 
60^C). This test diaoaber utilizes a filtered mediun 
pressure mercury arc as ti)e source of radiation, and a 
combination of seleniun radiometer and silicon radiometer to 
monitor solar ultraviolet (295 - 340 nm) and total radioit 
power output, respectively. 

Details of design and construction and operational 
procedures are presented along with typical test data. 
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Ihe Bx:ap8ulatlon Ibsk of the Low-Cost Solar Array ^oject 
(LSA) has defined two task objectives in adiieving 1986 
technol(^ readiness of encapsulation systeas: 

Materials and Processes. Define, develop, demonstrate and 
qualify tsicapsulation systems, materials, and processes chat 
meet the LSA project life, cost and performance goals. 

Life Prediction Method. Develop and validate a module life 
prediction method based on modeling life-limiting failure 
modes and on conducting and analyzing accelerated aging 
tests of candidate encapsulation systems. 

This is a status report on the first task objective, to 
date. The LSA project goal is to sponsor and stinulate 
activities that will reduce solar array prices to 
$0.14A)^ or $14 /m^ of completed module including an 
edge seal and gasket. 

Surveys of encapsulation materials capable of meeting the 
LSA project goal have been carried out (References 2, 3) and 
were reported in April 1978 in Che LSA Project report 
''Qicapsulation Material Itends Relative to 1986 Cost Goals" 
(Reference 3). This was followed by a shortened version 
entitled "low-Gost Ehcapsulation Materials for Tlerrestrial 
Solar Cell Modules" (Reference 4). The 1978 articles 
reported on a broad class of cmKlidate materials by generic 
description, such as ethylene vinyl acetate, recognizing 
that many of the report^ materials were not imnediately 
useful for encapsulation. Since April 1978 no new generic 
classes of materials have been identified, and the emphasis 
in the intervening period has been on the identification, 
developamnC arxi evaluation of specific materials within the 
generic classes, and the evolution of encapsulation 
processes and of module designs with Che low-cost materials. 
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In April 1978, encapsulation materials industrially used 
consisted essentially of two castable silicone elastomers 
(Sylgard 18A and RTV 615), a silicone gel, polyvinyl butyral 
(FVB) laminating film, a hard silicone soil’^esistant top 
coat, Ibdlar and hfylar films, glass superstrata, and se>wral 
substrate ranels such as aluminun, NEMA-GLO epoxy board, and 
glass -reinforced polyester. MEOiy of these materials axe 
still being used and evaluated by module manufacturers: 
therefore the LSA program has chosen not to duplicate 
evaluation of them. 
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Glass for Low-Cost Photovoltaic Solar Arrays. 
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AUTH; Jet Propulsion Laboratory 
February 1980 

DOE/JPL-1012-40 and 5101-147 

In photovoltaic systems, the oicapsulant material that 
protects the solar cells should highly transparent and 
very durable. Glass satisfies these two criteria and is 
considered a primary candidate for low-cost, photovoltaic 
encapsulation systems. In ttiis report, various aspects of 
glass encapsulation are treated that are inpovnant for the 
designer of photovoltaic systems. Candidate glasses and 
available information defining the state of art of glass 
encapsulation materials and processes for automated, hi^ 
volume production of terrestrial photovoltaic devices and 
related applications are presented. The criteria for 
consideration of the glass encapsulation systems were based 
on the (Low-cost Solar Array) Project goals for arrays: (a) 

a low degradation rate, (b) high reliablility, (c) an 
efficiency greater than 10 percrfit, (d) a total array price 
less than $500/kW, and (e) a production capacity of 5 x lO' 
kW/3n*. 

The glass desigp areas treated herein include the types of 
glass, sources and costs, physical properties and glass 
modifications, such as ant iref lection coatings. 
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Flat 'Plate Solar Array Project. Development of 
Reduced-Variable Maater Qirvtt for Eatimting Tlonalle 
Streaaea of &)capsulated Solar Clella Cauaed by Module 
Deflection or Themal Ebqsanaion. 

E. F. Qjddihy 

Jet Propula ion laboratory 

October 1, 1981 

5101-182 

Complex computer programs are beii% used by Spectrolab, Inc., 
to adiieve encapsulation engineering optimization of 
photovoltaic modules under Low-Cost Solw«: Array Project 
Gxitract No. 955567. Optimization invol/es structural 
adequacy, electrical isolation (safety), maxinuD optical 
transmission, and minimum module temperature, at the lowest 
life-cycle energy cost. A goal of this activity is the 
generation, vA)ere possible, of encapsulation engineering 
generalities, principles, and desi^i aids (tables or graphs) 
that would per^t a ready, desktop capability to an 
engineering evaluation of encapsulation options involving 
materials or designs. Itiis article reports the first efforts 
to generate reduced variable master curves to serve as 
structural ^analysis design aids. 
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PbotovoXtaic Module Bncapsulat^on Deeign end Materials 
Selection: Vblune 1. 
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Jet Propulsion Laboratory 
June 1982 

DCE/JPL-1012-60 and 5101-177 

BocapsulationHoaaterial system requirements, 
material -selection criteria, and status and properties 
of encapsulation materials and processes available to the 
module manufacturer are present^ in detail. Technical and 
economic goals establish^ for photovoltaic modules and 
encapsulation systems and their status are described fcr 
material suppliers to assist them is assessing the 
suitability of mater ials in their product lines and the 
potential of new-mrtterial products. 

A ocDiprehsnsive discussion of available encapsulation 
technology and d^.ta is presented to facilitate design and 
material selection for silicon flat -plate photovoltaic 
modules, using the best materials available and processes 
opttmiz^ for specific power a{^lications and geographic 
sites. 

Section II provides a basis for specifying the operational 
and environmental loads that ^Krapsulation material sjrs terns 
must resist. Ibtential deployment sites for whi<h cost 
effectiveness may be achieved at a module price much greater 
than $0.70A7p, are also considered; data on higher-cost 
encapsulant materials and processes that may be in !jse and 
other material candidates that may be justified for special 
application are discussed. 

Section III describes encapsulation -system functional 
requireomnts and candidate design concepts and materials 
that have been identified and analyzed as having the best 
potential to meet the cost and performance goals for the 
Flat “Plate Solar Array Project. Sections IV, V, and 1 
present the available data on encapsulant material 
properties, fabrication processing, and module life and 
durability characteristics. 
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A pbotothenaal test matrix and a low-cost testing a{^>aratus 
for encapsulant materials of photovoltaic modules have been 
defin^ and illustrated. Phototbermal studies were 
conducted in order to screen and rank existing as well as 
future encapsulant candidate materials and/or material 
formulations in terms of their long-term physiochemical 
st^ility under accelerated phototbermal aging conditions. 
Phototbermal dnaracterization of six candidate pottant 
materials and six candidate outer cover materials have been 
carried out. Principal products of phototbermal degradation 
were idaitified. Certain critical properties were also 
monitored as a function of phototbermal aging. 
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Final B^x>rt. Rerrestrial Servioa Bsviromenta for Salacted 
Qeog^i^ic locations. 
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Battelle Gbludxis Laboratories 
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June 1976 
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Ibis report contains results obtained from analyses of 
climatic, precipitation, air pollution, and oth« 
environaental data for the years 1%5-1974 at nine widely 
different geographic locations in the United States, hi 
addition to descriptive and diurnal statistics for 24 
individual climatic variables, "environaental cell" 
statistics were confuted to obtain the frequencies, 
durations, and transitions for the simultaneous occurrence 
of various combinations of environaental verifies. Results 
are presented for the simultaneous occurrence of specific 
levels of air temperature, relative tHmidity, wind speed, 
and insolation, in addition to representative results 
obtained for other conbinations of variables. 

the results characterize the environnental conditions to 
whidi terrestrial solar arrays would be exposed over a 
20-year lifetime, and serve to identify environaental 
factors and levels that can be used in testing candidate 
encapsulation materials and systems for sudn terrestrial 
exposures. An innovative methodology was applied to obtain 
th^ results for combinations of environnental variables. 
Because of its ^nerality and demonstrated feasibility, it 
is concluded that the methodology also has broad 
ai^lications to other testing programs. 
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Final Report. Review of Vibrld &cperience and Properties of 
Materials for B^capsulation of Tbrrestri'il RK>covoltaic 
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Available information defining the state of the art of 
encapsulation materials sid processes for terrestrial 
photovoltaic devices and related applications were collected 
and analyzed. Based on criteria of properties, 
processability, availability, and cost, candidate materials 
were identified which have potential for use in 
encapsulation systems for low-cost, lang>life terrestrial 
photow>ltaic arrays manufactured by automated, high-volume 
processes. The study was in support of the Ehcapsulation 
Task of the Low-O3»t Silicon Solar Array (LSSA) 

Project, managed by JPL. The criteria for consideration of 
die encapsulation systems were based on die LSSA goals for 
arrays widi a lifetiBoe of over 20 years high reliablility, 
an efficiency greater than 10 percent, a total array price 
less than $500.kW, and a production capacity of 5 x 10^ 
kW/yr. 

Rjblished and unpublished information relating to 
encapsulation systems and materials properties was collected 
by searching the literature and appropriate data bases and 
by personal contacts including site a^ company visits. A 
data tabulation suomarizing World experience v;ith 
terrestrial photovoltaic arrays (50 installations) is 
presented in die report. None of the encapsulation 
materials used meets all of the LSSA Criteria (particularly 
cost), but some have performed well. 

Since the design of the ultimate LSSA device is yet to be 
established, selection of candidate materials was based upon 
both the LSSA criteria and specific materials properties 
(e.g., li^t transmission) requisite to the functions of 
various cooqxxients (e.g., covers, pottants, etc.) in 
potential encapsulation systems, as well as upon temperature 
and processing ccxistraints asscx:lated wldi the cell 
structure. The reconaended materials (all comnercially 
available) include, deyiending upcxi the device design, 
various borosilicate and soda-lime glasses and nuoierous 
polymeries suitable for specific «icapsulat ion -system 
functions . 
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Final Report. MaLhodclogy for Designing Accelerated ^ing 
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Qjrrent analyses dictate that for economic viability 
photovoltaic arrays should have a service life of 20 years 
or more. A need exists for meaningful accelerated tests to 
predict array life so that a relatively quick assessment can 
be made of the potential of present developmental designs 
and of the extoit to whid^ i^^ovements in life are needed. 
As a part of the Ehcapsulation Task of the LSSA Project, 
this study undertook to develop a medKxlology for designing 
aging tests in which life prediction was paramount. 

The metiiodology developed builds upon past experience with 
regard to aging behavior in those material classes which are 
expected to be utilized as encapsulant elements, viz., 
glasses and polymers, and upon past experiaice with the 
design of aging tests. Accordingly, these experiences were 
reviewed; the results constitute Bart I of the technical 
discussion. 

Bart II presents the improved methodology developed in this 
study. The implementation of the methodology is illustrated 
using an exaa^le design for a solar -cell module. The 
developed methodology emphasizes the importance of 
incorporating substantial contributions at the time of 
initiation of the test design from statisticians, materials 
scientists, and test engineers in order to achieve a test 
design that is both statistically satisfactory and is 
practical in terms of the nunber of tests to be rin. The 
first six steps of the developed me^xxk>logy focus cxi the 
explicit identification of necessary engineering input 
information, identification of possible failure modes and 
envircxmental variables (stresses) that may affect the time 
rates of degradation for each failure mode without changing 
the failure mode, estimation of expected overall severity of 
each combination of environmental stresses, and analysis of 
severity ratings as a ccmplete factorial experiment, with 
the results grapiiically represented by a hierarchical tree. 
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Accelerated and abbreviated teat methods were developed for 


predicting the outdoor lifetime of solar cell encapsulmts. 
Qicapsulaits are clear materials applied as covers to 
protect the cells from enviromiental hazards. An important 
principle is that encapsulants should be tested in a total 
array systan allowing realistic interaction of components. 
Iherefore, microomdule test specimens viere fabricated with a 
variety of encapsulants, siibstrates, and types of 
circuitry. Interactions, sometimes favorable, were observed 
between these components. Che comnon failure mode was 
corrosion of circuitry and solar cell metallization due to 
moisture penetration. Mother was darkening and/or 
dpacification of encapsulant. However the power output 
remained hi^ despite drastic visual diatges. A test 
program plan was proposed. It includes oulticondition 
accelerated exposure, which was demonstrated to give 
successful predictions for property changes. Mother method 
was byperaccelerated photochemical exposure iming a solar 
concentrator . It simulates 20 years of sunlight exposure in 
a short time period of one to two weeks. Ihe study was 
beneficial in identifying sane cost-effective encapsulants 
and array designs. It was shown that silicon junctions are 
remarkably resistant to moisture and contaminants. With 
corrosicxi-resistant circuitry, the encapsulant ccxjld be a 
low-cost plastic which protects cmlls from dust, abrasion, 
and mechanicml shcxrk. 
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Final Report. Studies aid Tteting of Mtireflective (AR) 
OMting^ for Soda-LimB GLaes 

Edutard H. Butlrik, ’Dsrry G. ^larka, and Michael G. Gbleman 
Motorola Lie. Scmioonductor Group 
954733 
May 1978 

DOE/JPL-9547/3-78/1 

Ebcperimental results on diis feasibility study to establish 
processes for proving antireflection films on glass are 
very encouraging. Efforts have been concentrated in three 
areas: acid etching of glass, plaana etching of gUas, and 
acid developnent of sodiun silicate films on glass. Tte 
best transmission to date has been achieved through the acid 
etching technique, lAiile die most durable films have been 
produced from oevelopment of sodiun silicate films. Control 
of the acid etching technique is presently inadequate for 
production implementation, and la>^ scale applicatioi 
methods for sodiun silicate films ^ furth^ definition. 
While films having excellent antireflective properties have 
been fabricated by plasma etching techniques, all have been 
water soluble, disqualifying the films from a weatherability 
standpoint. 
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Final Report. EX/aluation of Available Qicapaulatian 
Materiala for k3w-Ooat long-life Silicon Riotovoltaic Arrays. 

D. C. Carmidiael. G. B. Gaines and F. A. Sliemers. etal 

Battelle OoluDotHJS Laboratories 

954328 

June 1978 

DOE/JPL-954328-78/2 

Ibis investigation was conducted as part of the Low-Gost 
Solar Array (LSA) Project that is ma^ed by the Jet 
Propulsion Laboratory for the Department of &ergy, Division 
of Solar Tedmolc^. The 1986 objectives of the Project 
are to develop the technology and manufacturing capability 
to produce 500,000 kW/year of photovoltaic arrays at a cost 
of less than $500/kW, with an efficiency of greater than 10 
percent arKl a service life of 20 years. Che of the tasks 
(fiicapsulaticn Thsk) of this project is concerned with the 
development and evaluation of the protective 
encapsulation-material systems whic^ will be required to 
meet these cost and service life objectives, as well as the 
production and performance objectives for terrestrial 
photovoltaic arrays. 

Tb help evaluate the requirements and potential of 
encapsulation systems for arrays, an extensive review and 
analysis was made, in a previous study, of prior world 
experience with ptotovoltaic arrays in the field and the 
service behavior of encapsulation materials for photovoltaic 
and related applications. In addition to an appraisal of 
field experience and problems, candidate materials for 
various functions in the array micapsulation system were 
recomnended for investigation and pertinent properties of 
these materials were collected and reported in that study. 
The study that is reported here consists of the experimental 
evaluation of selected encapsulation designs and materials 
based on the earlier study which have potential for use in 
low-cost, long-life photovoltaic arrays. 
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Final Report. Ion Plating of Solar Gall ^raya 


OORPORATE AUIH: 
OOmACT NO: 
DAIE: 

REPORT NO: 
ABSTRACT: 


Bidurex Corporation 
954728 

Deceiriber 1978 
DOE/JPL 954728-78/2 

Sidurex has been engaged in a feasibility study to determine 
practicality of utilizing B:xlurex ion plated films to serve 
as anti -reflective and/or protective encapsulants for solar 
cell arrays. It has been demonstrated td)at tiiin films of 
oxide materials between 1000 and 2000 A thick will protect a 
photovoltaic device from degradation in salt spray. 
Additionally, transmissivity data accunulated on Kidurex 
coatings shw that die anti -reflective (AR) properties of 
this film are equal to any adiieved by more widely imed 
processes. The Ehdurex ion plating process is capable of 
being scaled up to meet 1986 througiiput goals at a cost 
whl(± is in line with 1986 cost goals. An additional 
benefit that may be realized by the utilization of ion 
plating is diat it is an effluent free process utilizing no 
wet ch^istry. 
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Final Report. Heasur«aant Tlachnlques and Inatnioanta 
Suitable for Life-Brediction Tbatti^ of Fbotovoltaic Arrays. 

6. T. Noel, V. E. Mood, V. D. McGlnnisa, etal 

Battelle Golinixia Laboratories 

954328 

March 1979 

D0E/JH.-954328-79A2 

The validation of a 20-year service life for low-cost 
photovoltaic arrays is a critical requireonent in the Low-Oos’i 
Solar ^ray (LSA) Project that is being conducted by die JCiC 
Propulsion Laboratory for the Department of Biergy. Of 
necessity, this validation must be accompli^ied through 
accelerate life'^ediction tests. A methodology for such 
tests has been developed in a preceding study at Battelle for 
die LSA Project. Remaining 06^5 before sixh tests are 
carried out are the identification, assessmoit, «id 
experimental evaluation of diagnostic tedmiques and 
instruments that make it possible to measure failure-related 
degradative prc^rty changes over a short time period with 
sufficient precision to allow the prediction of sevice life 
exceeding 20 years. 

A two-phase study has been conducted addressing these needs. 
Riase 1, the results of which were discussed in the interim 
report on this study, accooaplished the initial identification 
and assessment of all known measurement techniques and 
instruments that mi^t be used in these life-prediction tests 
mid included recommioidations on their use. The results and 
recomnended tedmiques from the Hiase 1 investigation are 
sunnarized in the Af^endix of this report. 

Hiase II of the study, covered in this report, consisted of 
experimental evaluations of three tedxiiques selected from 
those reconnented as a result of the Riase I findings. The 
three techniques evaluated were specular and nonspecular 
optical reflectometry, chemlluainescence measurements, and 
electrical current noise measurements. 


212 


TITLE: 

AITTHOR: 

CXKFGRATE AUIH; 
OQNIKACr NO: 
OATE: 

REPORT MO: 
ABSTRACT: 


I 

I 

i 

f 


Final Report. Oavelopnent of an Accalaratad Ibst Daaign for 
Predicting the Service Life of The Solar Array at Mead, 
Nebraaka. 

6. B. Gaines, R. E. ‘SMOias and G. T. Noel, etal 
Battelle GoluDobus Laboratories 
954328 
June 1979 

DOE/JPL-954328-79/13 

This report describes an accelerated test tihidi is designed 
to predict the life of the 25-kW photovoltaic array 
installed near Mead, N^aska. Bnpbasis is placed on the 
power-output degradation at the module level and on 
long-term degra^tion modes, as appropriate for life 
pr^iction of mature devices for whidi infoit failures are 
few. 


A quantitative model for accelerating testing using nultiple 
environmental stresses is used to develop the test design* 
The model accoimts for the effects of thermal stress by a 
relation of the Arrhenius form. This relation is then 
corrected for the effects of nonthermal environmental 
stresses, su(h as relative hunidity, atmospheric pollutants, 
and ultraviolet radiation. The correction factors for the 
nonthermal stresses include temperature -dependent exponents 
to account for the effects of interactions between thermal 
and nonthermal stresses on the rate of degradation of power 
output. A priori quantitative estimates of the model 
parameters are then used to compute expected degradation 
rates under various test ocmdltions associated with a 
conplete factorial experimental design. 

The test conditions, measurements, and data analyses for the 
accelerated tests are presented for determining the 
predicted life of the modules in service at Me^. 
Gonstant-teqperature, cyclic -temperature, and UV types of 
tests are specified. Incorporating selected levels of 
relative hu^dity a^ (hemlcal contamination and an imposed 
forward-bias current and static electric field. It is 
recoomended that as a first step in test inf>lemsntation, the 
model be selectively validated using identified portions of 
the accelerated test design. 
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Final Baport. Davek^ Silicone BKapeulation Systane for 
%rr«8CriaI Silicon Solar Arrays. 


OQRFGRATE Atmi: 
GONIRACr NO: 
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REPORT NO: 
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Ddv Oorning Oorporation 
954995 

Ds<»Di>er 1979 
DOE/JPL-954995-80/6 

This vpork resulted in two basic accomplishoienCs. The first 
was the identification of DOW OQRNINS Ql>2577 as a suitable 
encapsulant material for use in cost effective encapsulation 
systems. The second was the preparation of a 
silicone-acrylic cover material containing a durable 
ultraviolet screening agent for the f^’otection of 
photo-oxidatively sensitive polymers. The most expeditious 
method of fabrication is one in vAiich the encapsuIiDit 
material performs the coohined function of acfii^ive, 
pottant, and outer cover. The costs of the encapsulant can 
be minimized by using it as a thin conformal coating. CXjr 
evaluation of methods by «A)ich to process encapsulation 
83 rst'^ and the screening of candidate materials took those 
factors into consideration. Ohe encapsulation system using 
silicones was identified from this work which provided 
protection to photovoltaic cells and survived the JPL 
^lifica*‘ion tests. This encapsulation system uses DCW 
uKNING as the combined adhesive, pottant and cover 
nmterial. The lowest cost encapsulation system using 
Ql-2177 had Super Dor lux as the sii>8trate structural 
mamber . The overall material cost of tiiis encapsulation 
system is 0.74^/ft^ (1980 dollars) based on current 
material prices, whid) could decrease with increased 
production of Ql-2577. 
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Annusl RftporC. SCudy Pron«^ for Bicapiulatlon Mater ials 
bterfaoe for Low-Oost Solar Array* Bnriod Goverod: 

January 1, 1980 throi^ Dacanber 31, 1980 

D. H, Kaelble, F. B. Manafeld, M. IMig, C. Leung 

Rodcwell International Corporation 

954739 

February 1981 
DOE/JPL 954/39-4 

Ihe early validation of a 20-year service inte^ity for the 
bonded interface in solar cell modules is an important 
requirement in the Low Cost Solar Array (LSA) Project. 

The first mmual report (Science Center Report No. 
SC5106.22AR) outlines and implements a ph)rslcal/d)emical 
evaluation program for solar cell encapsulants . The r^ults 
of on^ter controlled ultrasonic and optical/ellipsometrlc 
mailing for interl'aclal defect characterization in solat 
modules is summarized in the second annual report 
(SC5106.49AR). The development and validation of an 
atmospheric corrosion model and test plan for LSA outdoor 
service at the Mead, Nebraska test site is presented in the 
third annual report (SC5106.86AR). 

In the present fourth phase of study detailed in this emual 
report emphasis is placed on the development of AC impedance 
as a nondestructive evaluation (NDE) methodology for solar 
arrays and the further development of corrosion models and 
materials selection criteria for corrosion resistant 
interfaces. 
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Second Quarterly Ptogiress Bqport. A(pril I960 to .Xne I^). 
lon-FLating of Solar Gall Arrays - Eteapaulation Tirt 

WilliaD R. Gbniey 

Illinois Tbol Works, lac. 

955506 

March 1981 

IWJPL 955506-80/2 

Ea the second quarter of this contract, functional solar 
cells were produced having ion-idated metallizations on both 
front and surfaces. These cells consisted of 3.25" 
dianeter n on p type silicon wafers with silver front and 
back contacts. The perfonnance of these cells, althou^ 
enoouragii%, was less thai that of cells currently available 
on the photovoltaic market. Attecopts were also niede to 
produce a cell having nonnoble (inexpensive) metallizations, 
utilizing aluDoinun, copper and ^2 stainless steel. 'Diese 
attempts proved less successful than those utilizing silver. 
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Final Raport. Anti*teflection Coatings Appliad by Acid 
Uaohlng Procaaa 

E. Butirik 

Motorola Inc. Semiconductor Qroup. 

955387 

Septeober 1980 
D0E/JH.-955387-80/3 

The Nagicote C process develc^ied by S. M. Thcinpsen uas 
evaluated for use in applying an antireflective coating to 
the cover plates of solw panels. The process uses a 
flourosilicic acid solution supersaturated with silica at 
elevated temperature to selectively attadc the surfato of 
soda-lime glass cover platmi and alter the physical and 
toemical composition of a thin layer of glass. The altered 
glass layer constitutes an antireflective coating* The 
process produces cx>atii^ of excellent optical quality which 
possess outstanding resistance to soiling and staining. The 
coatings produced are not resistant to medianical abrasion 
and are attacked to some extent by glass cleansers. Oontrol 
of the filming process was found to be difficult. 
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Final Report. Integral GLaas Oicapaulatian for Solar Arrays 
Spire Gorporation 
954521 
July 1981 

DOE/JPL 954521-81/15 

This program has developed the technology of electrostatic 
bonding as an encapsulation technique for terrestrial solar 
arrays. The process produces full integral, hermetic bonds 
with no adhesives or pottants. Demonstration panels of six 
solar cells on a single glass superstrate were produced. 

Electrostatic bonding was also developed as a means of 
making the cell front contact. A metal mesh is cra{^>ed into 
contact with the cell front durit^ the bonding process. 
Demonstration six-cell panels using the bonded mesh as the 
only cell front contract were produced. 

Exploratory development was done on the possibility of leing 
lower cost ,;lass, with a higher thermal expansion mismat<h 
to silicon, by making lower temperature (250-30CPC) 
bonds. This was shown to require a planar surface cell (no 
front contacts). Demonstration penels of twelve 3" round 
wafers on a 12 x 18" glass sheet were made. 
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TITLE; 


Quarter i> T^ictmical Rrc^ees Report. April 1-June 30. 

1981. Mx filing of Bolymer Ibotodegradation for Solar Cell 
Modules 

AUnCR: A. C. Somersall and J. E. Guillet 

OORFQBAIE AUTH: Iblversity of Ibronto 

OOMIRACT NO: 955591 

DAIE; July 1981 

REPORT NO: 955591-81/3 

ABSTRACT: Aa part of the Ehcapeulation ‘bsk. this research progron is 

intended to model pbotod^adation of synthetic polymers 
uied as pottants and/or cover sheets in the LSA solar cell 
module designs. It involves the development of a computer 
simulaion of the chemical processes that take place u^er 
weathering conditions which could, in i«’inciple, relate 
directly to the performance of these materials acxl afford 
sonoe basis for prec^icting and/or controlling their useful 
lifetimes . 

The program can be divided into three main parts: 

The development of a computer program to model the 
weather ing/photooxidat ion of an ethylene-vinyl acetate 
copolymer as a typical candidate for LSA aj^lications. 

The development of new analytical procedures for the 
determination of photooxidation and photodegradation at 
early stages in solid polymer saiQ>les. 

The development of weathering tests suitable for use with a 
coDfuter kinetic model to provide a basis for extrapolated 
predictions . 
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AnmMl Riport. Qrafting of 

2(2-l|rdr(^-5-VinyIpb«nyl)2H*4inxotriazol« onto Iblymrs 
with Aliphatic Qroups. ^thaaia and Bolynarization of 
2(2-tV<l^oxy-5-Iaopropanylphanyl)2H-Banzotriazola and A New 
S^thaaia of 2(2-Hy^oxy-5-Vlnylphanyl)2H>Banzotriazola 

W. Pradellok, Zobar Nir and Otto \fogl 

Ihiveraity of Maaaachuaetta 

955531 

A«uat 15. 1981 
DOE/JPL-955531-81/1 

Succeaaful grafting of 2(2’hydroxy-5<vinylphanyl) 
2H>banzotriazole onto aaturatad aliphatic C-H groups of 
polymara has bean acoomplishad. Uhan the grafting reaction 
was carried out in chlorobenzene at 150-160^ with 
di-tertiary*butylperoxide as the nafting initiator, grafts 
aa high as 20-^ at a grafting efficiency of 50 and 801 
have readily been obtained. It was very important to carry 
out the grafting reaction in tid>es sealed u^r hi^ vacuun 
since trace anxxjnts of oxygen cause complete inhibition of 
Che grafting reaction by die phenolic monomer. Gt'aftlhg 
reactions were carried out on a variety of different 
polymers including atactic polypropylene, ethylene /vinyl 
acetate copolymer, poly (methyl methacrylate), poly (butyl 
acrylate), and polycarbonate. 


220 



TITLE; 


AiriHQR: 

0GRFGBA1E AUIH: 
OamACT ID: 
DATE; 

REPORT ND: 
ABSTRACT: 


Ikienty First Qjsrtsrly Progrsss Report for period ending 
August 12, 1981. Investigation of Tbst Mfttteds, Msterial 
Properties, and Prooesses for Solar Gall Ebcapsulants 

P. B. Willis, B. Baum 

^Ingjborn laboratories, bic. 

954527 

Oc&)ber 1981 
DOE/JPL 954527-81/20 

Springbom Laboratories is et^aged in a stu(ty of evaluating 
potentially t»eful encapsulating materials for Che 
Flat-plate Solar Array Project (FSA) funded by DC£. The 
goal of this program is to identify, evaluate, and recomiend 
encapsulant materials and processes for the production of 
cost-effective, long-life solar cell modules. 

During this quarter researdi work continued on the 
evaluation oi soil resistant surface treatments, the 
investigation of corrt^ion protecting coatings for mild 
steel sihstrates, the i<kntification of for bonding 

module interfaces, and the continuation of RS/4 accelerated 
aging of candidate encapsulation compounds. 
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TIrlanmjal Report. DMign» Analysis, and Test Verification 
of Advanced Bicapsulatlon Systems 

Alec Garcia, Cbudc Mirmlng 

Spectrolab, Inc. 

955567 

N>venber 1981 
DOE/JPL 955567-81/5 

The objective of tills program is to develop analytical 
methodology for advanc^ encapsulation systems uhld) will 
aid in the determination of c^tinun systems for meeting the 
Low Cost Solar Array Project goals. The progroD consists of 
three phases, Ihase I, analytical models were developed 
to perform optical, thermal, electrical, oxl structural 
analyses on candidate encapsulation systems. Ftcm these 
analyses a candidate sjrstem will be selected for 
qualification testing during Phase II. 

Additionally, during Phase II, test specimens of varioim 
types will be constructed and tested to determine the 
validity of the analysis methodology developed in Phase I. 

In Phase III, a finalized optimun design based on knowledge 
gained in Phases I and II will be developed and delivered to 
JPL. 
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LSA Project Technology Developeent U^te 
Gbidsmith, J. V. and Blckler, D. B. 

Jet Propulsion Laboratory 
Aigust 1978 

D0E/JPL-1012-7B and 5101-104 

This docinent presents copies of the viet<graphs and a 
condensation of the caments by John V. Gbldsmitdi and Donald 
B. Mckler of the LSA Project at its 10th Project 
Integration Meeting. August 16 and 17, 1978, at Calted) 
Ihiversity, Pasadena, California. Their presentations focus 
on the state of the tectmology aimed at a^ieving the 
$300/kW goal by 1986. 


PRECEDING PAC£ BLANK NOT FILMED 
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LSA Project Basic Soiq)le Preparation Procedures and 
Valuation of Silicon Sheet 

C. Radies 


ALTIHOR: 

(XRPGRAIE AUIH: 
EATC: 

REPORT NO: 
ABSIRACT: 


Jet Propulsion laboratory 
NaveoDber 1979 
5101-128 

Study of silicon material for solar cell fabrication 
involves various ssDq>le preparation and examination 
techniques. Ihe procures for evaluation and 
characterization of silicon are outlined, witii special 
entasis on the techniques for evaluating low-cost silicon 
sheets. 

Standard techniques of metallography for evaluation on the 
basic structure of silicon material are extensively 
described. Surface etdiing, lapping and polishing 
operations are described in detail. Cross-sectional 
characterization and junction evaluation procedures throu^ 
angle-lai^ing end staining techniques are covered. 

Definitions of terms, scope and important safety precautions 
are given. These are followed by descriptions of 
proc^ures, materials and equipment to facilitate their 
effective use in characterization laboratory. 

Spreading resistance measureoient , a strong tool in the 
evaluation of low-cost silicon sheet, is described witii 
details of the equipoont used and of operating procedures. 
Its use is anphasized as a higb-resolution technique for 
checking of surface and depth homogeneity, multilayer 
diaracterization and effects associated with precipitates, 
grain boundaries, interfaces, etc. 
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LSA Project Cost of CEOchraliki Vitferi as a Function of 
DiamBter. 

M. H. Laipold, C. Radies, and A. Kadunra 
Jet Pr<^laion L^xTratory 
FUbruacy 1980 

DOE/JPL-1012-37 and 5101-146 

The impact of dianeter in the range of 10 to 15 cm on the 
cost of wafers sliced from Gkochraiski ii^ts is analyzed, 
focreasing silicon waste and decreasing ingot cost with 
increasing ingot size are estimsted along with projected 
costa. Boults indicate a small but continuous decease in 
sheet cost with increasing ingot size in this size range. 
Sheet costs Including silicon are projected to be $50 to 
$60 (1980 $) dep^ing upon technique used. 
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Law-OMt Solar Array Projact. Mtar-Tran Bsplomantatlon of 
Plat “Plate ^r^tovoltalc Ooat-Baduction Ikak. 

Boyd, D. W. 

Jet Propulsion laboratory 

June 1981 

5101-180 

ib early 1978, tiie U.il.. Department of fiiergy (DOE) ooamitted 
$4.5 million to d)e Jet Propulsion Laboratory's (JPL) 

Low-Q>st Solar Array (LSA) Project for use from 1979 through 
1981 to investigate tedmiques for reducing the cost of 
producing flat^late ifK>tovoltaic (PV) modules. In response, 
JPL designated the near-term coat reduction of modules to be 
a distinct Project task. 

JPL invited proposals and evaluated them on die basis of 
maximun potential for producing technioues that would lead to 
near-term cost reduction. Based on this evaluation, which 
included solar array manufacturing industry costing standards 
(SAMICS) computer simulation, JPL awarded 14 contracts to 
industry and various universities for the developnent and 
description of cost reduction processes for solar cell and 
solar -cell module manufacturing. Predictions of 
manufacturing cost reductions adiievable from die 
implementation of these process developments, on an 
individual basis, range from $0.09 to ^.76/^. 

Manufacturing cost reductions, greater than $2.00Al^, seem 
possible by simultaneous implementation of several Tooiiatlble 
process developments. 

Several of the processes developed within this program are 
now being used in coomercial production lines. In some 
cases, the process develc^nent itself is coomercially 
available in the form of hardware or technology documwitaticxi. 

Project task objectives, contract awards, tedmology 
development, and cost -reduct ion results are suomarized. 
CoD^lete module manufacturing sequences including near-term 
cost -reduction process steps are also presented. 

The term "cost," as used in this report, usually means cost 
to consuner. Cost reduction is measured at JPL by using the 
SAMICS method, which includes a reasonable rate of return on 
equity, income taxes, and all other normal costs of doing 
bcuiness. 
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FUc -Plate Solar Array Project. Vacuun LaadsMtlon of 
Photovoltaic Pb^loa. 

Burger. D. R. 

Jet Propuleion Laboratory 

January 1982 

D0E./JPL-1012-63 and 5101-188 

VaciAA lamination of terrestrial photovoltaic modules is a 
new high~voliJxie process requiring new er.uipment and newly 
<^eloped materials. Equipomt developomt, materials 
research, and some research in related fiel^ and testing 
methods are discussed. 
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Final Report. Solar Ull Itetir^ Vol. 2 - A(^>endix IV. 

A. S. (herdak and Dt. G. M. Haas 
Ihe Mitre Corporation 
954342 
May 1976 

HUJA/JPL-954342-1&2 

In 1974, the MITRE Corporation purchaaed and installed on 
the roof of its building in McLean, Virginia, a 1 kilouatt 
peak photovoltaic array consisting of 20, 50 watt panels. 
These solar panels represented the state-of-the-art in 
terrestrial photovoltaica at the time. The primary purpose 
for establishing the MITRE Rx>tovoltaic Array was to build a 
tool with which problems of designing* Integrating, and 
operating terrestrial photovoltaic power systems could be 
studied. 

little attention was paid initially to monitoring the array 
itself due to preoccupation with the overall system design 
and installation. During and after the first year of 
exposure to the environment, a variety of changes were 
noticed iu many of the panels: a reduction in short circuit 

currents and reduced power output from the array. MITRE, 
funded by ERDA throu^ the Jet Propulsion Laboratory, 
undertook to investigate more thoroughly these apparently 
degraded panels. 

MITRE proceeded to fabricate and install a data acquisition 
system, discussed in detail in this report, to provide more 
accurate and consistent measurements, in situ, of all of the 
panels and modules in the array. 

The I-V curves measured in this program show that the 
Solarex panels have a much lower output power than the other 
pemels in the array. In fact, they measure significantly 
lower than their original power rating. The poor 
fill-faccors (Stained from these panels suggest a hig^ 
series resistance. Visual ot»ervation of the physical 
condition of these panels after two years cf exposure to the 
terrestrial environment shows significant deterioration of 
the packaging materials. 
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Vtntl TMKnical Riport* Dawtlopane of NMhoda 
Prtic«dut«i for Hi#) Rico Um ftMtiy f^tpondituro IRbriottion 
of Solir Oilli. 

A. R, KirkptCrldti J. A. Hinnuocii A. C. CkotnNild. 

SiwlAtlon Fhytict 

954289 

15 Navobw 1976 
D0i;/JPL-954289-76/4 

A OM yoar protr«B to dovtlop i mm concopt for aUicon 
aolar call production baaad tha uaa of puUad alaeCron 
baan p c o caataa ccnbinad vicb ion in^ancacion hat baan 
ccBiplatad. Ibaaibility of producint aolar calla at hi#) 
apaai by a ainplifiad vacuun-room tvparaCura procaaaini 
aaqutnca haa b^ dopenatratad. Tba laaChod baa nany 
adK^ragaa. particularly for laria acala proAiction at 
lowaat poaaibla coat. 
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IlfMl R^rC. 'terrttCrUl Solar Oill Hxhila. 

AROO SoUr» Inc. 

954751 

January 1977 
DOE/JPL-954751-78/1 

ASl't objacciva on this prograB wm to aatablian a coat 
affactiva daaign and oanufacturing procaaa that would 
produca aolar call oodulaa capabla of naating tha JR 

n 'iflcatton taat critaria. Baphaaia waa placad on tha 
lopaant of an aluaima paata back contact procaaa. lha 
uaa of aliBdnuB paata aa a ailicon aolar call back contact 
haa tha potantial advantaga of low raaiatanca at low 
taaiparatura firing and a highly dopad Ff ragion contributii^ 
to inprovad call putput. almimA haa a aubatantial 
coat advanCaga whim cni^parad to ailvar paata. 



TITLE: 


AVIHOR: 

OORFQRAIE AI7IH: 
CDKERACT NO: 
EATE: 

REPORT NO: 
ABSTRACT: 


Final Repoct. Aitonaated Array Aaaenbly Tirt Rtase 1. 

Bernard G. Carbajal 
Tbxas Instruments, &ic., 

95^5 

October 1977 

DOE/JPL-954405-77/7 

This contract consists of an assessment of the 
state-of-the-art tedmologies that are a{^licable to silicon 
solar cell and solar cell module fabrication. The 
assessment consists of a tedmical feasibility evaluation 
and a cost projection for high-volune production of silicon 
solar cell modules . A novel af^oach to metal pattern 
design based on minimun power loss was devel(^)ed. The 
quantitative nature of the design equations provided a solid 
tedmical basis for the dioice of a metallization 
technology. A hermetic module was proposed that has a hi^ 
probalility of meeting the 20 ^ar life goal. Solar cell 
processing and module fabrication cost projections exceed 
the 1983 cost ^>al by only a factor of 3. 


TITLE: 


Final Report. Transparent Superstrate Terrestrial Solar 
Cell Module. 


CXSFQRATE AUIH: 
CX»nRACT MO: 
DATE: 

REPORT NO ; 
ABSTOACT: 


Lodcbeed Missiles & Space Go. 

954653 

October 1977 

DOE/JPL-954653-77/1 

The mechanical features of tlie module design incorporate 
higjh trananission glass superstrate, custom extruded 
aluminum side and end rails, a backside center stiffening 
web which also served as a momting for two electrical 
output oomectors, and three compliant groomets for mounting 
the unit into sidbarray franes. The electrical protion of 
the design incorporates 3-indi diameter circular cells from 
two vendors. The modules f<(Oricated during die program are 
representative of the general design and of terrestrial 
cells currently available. Tb assess the value of primed 
versus unprimed glass, selected modules used no primer mod 
other used two types of silicone primer. Also to gain 
additional comparative data in this developmental program, 
two types of encapsulants were used. TWo methods of frame 
mechanical fastening were assessed, self '■drilling tapping 
screws and blind or pop rivets. Riveting was found to be 
far superior. 
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Final 'fechnical Report. Aitcimted Array AsseDobly. 

R. V. D' Aiello 
RCA l^boratori^ 

954352 

DeceoDber 1977 
DOE/JPL-954352-77/4 

Ibis report contains three main sections vAiich describe 
technology assessment and manufacturing cost anal 3 rsis; a 
near-term (1982) factory design: and the results of an 
experimental production study for the large-scale production 
of flat-panel silicon solar -^11 arrays. We have found a 
minimum manufacturing cost in a highly automated line of 
$0.30Af assuming the silicon is free. The panels are of a 
doible-glass construction and are based on round wafers. 
Screen -printed silver has been used as the metallization 
with a spray-coated antireflection (AR) layer. The least 
expensive junction-formation technology appears to be ion 
implantation. Based on the required Investment, a profit of 
$0.05 W appears reasonable. If silicon wafers are available 
at a price of $20 to 40 /m 2, a selling price for these 
array modules of $0.50 to 0.66/W is projected. An analysis 
of the impact of factory size in the 1986 time frame has 
been made. A factory processing 5(H^/yr using the same 
technology would sell modules for $0.54A^ to 0.70A^. 
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Final Report. Energy Bequiranmt for the ProdiKttlon of 
Silican Solar Arrays. 

Joseph Lindmyer 

Solarex Qotporation 

9SA606 

December 1977 
D0E/JH.-954606-77/4 

This report investigates the feasibility of nunufacturing 
photovoltaic solar array modules by the use of energy 
obtained from similar or identical photovoltaic sources. 

The primary objective nas toe characterization of toe energy 
requirements of current and develqping technologies t^ich 
CQO^ise the photovoltaic field. Th^e energy requirements 
were siA>squently compared to the energy production potential 
of a future solar power plait and» as a result, the concept 
of toe SOLAR BREQ^ v»s refined and manifested in a 
computer progran. The breeder model allows to take the 
energy requirements for any photovoltaic tcKtonology into 
account and calculate its oiergy economics. The report 
docments toe energy assessment of the prevailing 
technologies and many alternative tetonologies currently 
under development. R>r cross ‘■checking the energies of 
prevailing technologies Solarex data were also used and toe 
wide-range assessment of alternative technologies included 
different refinement methods, various ways of producing 
light sheets, semicrystalline cells, etc. These energy data 
are utilized to model the behavior of a future SOLAR BREEDER 
plant under various operational conditions. 
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Final Report. Malysis of Effects of ^apurities 
Intentionally Iria>rporated into Silicon. 

FVank M. Dho 

Spectrolab, Inc. 

954694 

Qeceoober 1977 
DOE/JPL-954694-77/4 

A methodology has been developed mid inplemented to allow 
silicon sallies containing intentionally incorporated 
iinpurities to be fabricated into finished solar cells under 
carefully controlled conditions. The electrical properties 
and spectral responses were then measured for each group 
processed. All 33 lots of group "C", 14 lots of Group 
and 16 lots of Group "F" have b^ fabricated into cells and 
tested. 
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Final Report. Riase I of the AutGraated Array Assaii>ly Thsk. 
Pryor, R. A.; Gtenon, L. A.; Qoleman, M. G. 

Motorola, foe. Phoenix, AZ (USA). Semiconductor Group 
954363 

January 1978 
DOE/JPL/954363-78/8 

The solar cell whidi is considered for these studies is a 
silicon solar cell widi a shallow (less thai IMU) 
metallurgical p-n junction, a back surface hi^-low junction 
(enhancement layer), and patterned front and full back 
contact metallizations. The cell also has a antireflection 
coating covering a texture-etdied front surface. Detailed 
results of a study of process variables and solar cell 
variables are presented. Bx^iiasis is on identifying 
interactions between variables and tiieir effects upon 
control ranges of the variables. Also, the results of a 
detailed cost analysis for manufacturing solar cells are 
reported. This cost analysis includes a sensitivity 
analysis of a nunber of key cost factors. 
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Final Report. Aeaesanant of Preaent State-of-the-Art Sawii« 
Itechnolo^ of Large DlaDieCer Ingots for Solar Sheet MBterial 


Ybo, H. I. 

Optical Goating Laboratory, Ihc. (Nsw Aii^lied Solar Qiergy 
corporation) 

954830 

Ffebruary 1978 
DOE/JPL 954830-78/2 

The objective of this program is to assess the present 
state-of-the-art sawing technology of large diameter silicon 
ingots (3" and 4" diameter) for solar sheet materials. 

During this progran, work has progressed in: (1) Slicing of 

the ingots with the nultiblade slurry (MBS) saw, the 
multiwire slurry (H<IS) saw and the I.D. saw, (2) 
Characterization of the sliced wafers, and (3) Analysis of 
add-on slicing cost based on SAHICS. Miltiblade slurry 
slicing resulted in methanical wafer yields of 95% for the 
3" diameter ingot and 84% for the 4" diameter ingot (using a 
230 blade package to cut 6" ingot in length) . A slicing 
test with the I.D. saw was performed to obtain mechanical 
yield versus both wafer thickness and cut rate, and the 
result showed a good yield (above 95%) down to 7-8 mils of 
wafer thickness of the 3" wafers and 11-12 mils for the 4” 
wafers if the cut rates were reduced to one (1) inch per 
minute. Ai ingot of 3" in diameter and 3" in length was 
sliced with a multiwire slurry saw to obtain wafer yield of 
about 97%; 163 wires were used, and wafer thickness and kerf 
width were 10-1 mils and 8 mils respectively. Thidmess, 
taper, bow, and roughness (RMS) were measured to 
(haracterize the sliced wafers. Fbur inch wafers sliced 
with the multiblade slurry saw showed larger thickness 
variations (wafer to wafer) and more taper than 3" wafers. 
Vtafers sliced with the I.D. saw indicated that taper, bow 
and rou^mess increased as the cut rate increased (this 
effect was significant when cut rate was increased to above 
three (3) ind^ per minute). 0aq>arison of the above 
paraneters showed the wafers cut with the I.D. saw (sliced 
below three inch per minute of cut rate) and die multiwire 
slurry saw have much smaller values and variations than 
those cut with the multiblade slurry saw, indicating the 
need for less removal of silicon before solar cell 
formatirn. Also, the I.D. saw wafers showed slightly better 
characteristics in parameters than those of the nultiwire 
slurry saw. Add-on slicing cost was evaluated based on 
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Solar Array Mnnufacturing Industry Gbsting Standard (SMIGS) 
for three slicing types: MBS ssn indicate a coat of 
$.80AMfer for 3” Mafers. I.D. saw sliced at two (2) UM of 
cut rate gave $.17A«aferr for 3" wafer and $.24A«afer for A" 
wafers shwing significant advantages over the other two 
nsthods at present. 
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Final Report. Spray Ion Fluorocarbon Ehcapaulation for 
Silicon Solar Cell Arrays. 

L. G. Naes 

Lockheed Missiles & ^ce Gcapany, LiC. 

954410 

April 1978 

DQE/JPL-954410-78/1 

This program was a research and development program to 
evaluate the Lockheed -formulated liquid transparent 
film-forming, flurocarbon, SFRAYLDN, protective coating for 
terrestrial solar cell mcxiules. TWo modules were completed 
and field-tested for periods of up to two weeks. Problems 
developed early in the field testing which led to the 
shorted test period, specifically, lifting of the 
antireflection coating, followed in some areas by complete 
film delamination. 
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Final Report. Development of Low-GPat, Hl^ 
Bicrgy-Pfer-lhit-Area Solar (Jell Fbdules. 

Sang S. Pbee 

Sensor Tedinology, Inc. 

954605 

April 1978 

DOE/JPL-954605-78/5 

Developmeant of low-cost, hl^ energy-per -unit-area solar 
cell modules was conducted In tills program. Ibis final 
report covers the development of two hexagonal solar cell 
process sequences, a laser -scribing process tedmlque for 
scribing hexagonal and modified hexagonal solar cells, a 
large tbrough-put diffusion process, and two surface 
macrostructure processes suitable for large scale 
production. Dcperimental analysis was made on automated 
spin-on anti -reflective coating equipment and high pressure 
wafer cleaning equipment. Six hexagonal solar cell modules 
were fabricated; they demonstrated that module efficiency 
can be significantly improved by the utilization of 
hexagonal or modified hexagonal solar cells replacing round 
solar cells due to increased solar cell packing ratio atK) 
increased solar cell photovoltaic energy conversion 
efficiency. Also covered in this report is a detailed 
theoretical analysis on tbe optimum silicon utilization by 
modified hexagonal solar cells for low-cost, high 
energy-per -unit -area solar cell modules. It was shown that 
an optinun modified hexagonal solar cell module will produce 
a cost savings compared to a round cell module. 
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Final Report. Design and Fabrication of Solar Gall Modulaa. 

Thanes P. Shau^messy 
Spire corporation 

954655 V 

April 1978 

DOE/JPL-954655-78/1 

This prograna achieved its objective of producing 12 solar 
cell modules utilizing ion i^lanted solar cells and an 
all-glass encapsulation system. These modules have 
eichiblted only cosomtic d^radation after environmental 
testing. The principal proles encountered was the 
formation of bid>bles in the silicon gel due to gasket air 
leakage during thermal cycling. Developmental effort, after 
delivery of modules to JPL, indicates that td)i<^. can be 
rectified by the use of a polysulfide gasket. Significant 
in^ovements in the module design chat: can be recognized are 
the use of tempered, low iron content glass for increased 
module output, and the si^stitution of a custom alumin'jn 
extrusion for reduced weight and increased rigidity. 
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Final Report. High Efficiency, Long Life Terrestrial Solar 
Rroel. 

S. Khemtbong 

Optical Ooating laboratory, Inc. 

954831 

April 1978 

DOE/JPL-954831-78/3 

Six high efficiency, long life terrestrial oxxiules were 
design^, fabrics^ and delivered to JPL. The oxxlule 
utilized 256 large area, rectangalar, hi^ efficiency solar 
cells. A flexible, overlapping desi^ to connect cells in 
series was used to maximize the packing (tensity. L:? 
efficiency of the six modules deliver^, based on the 
overall dimensions at 100 nM/cm^ and 28 degrees C is 
talxjlated in Tbble 2, and the cxxitract goal of 13% array 
efficiency was adiieved. 
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Final Report. Oanter Punched Solar Gall Module DevelopoBant 
Effort. 

R. E. Rcms and W. E. Mortenaen 
Xerox Electro-Optical Syatettia 
954693 
June 1978 

OOE/JPL-954693-78/1 

This report describes the results of an advanced module 
development program with the objective of providing a low 
cost solar cell mechanical interconnect design* Ihe design 
approach, which avoids soldering or welding operations, 
jnds itself to automated assembly techniques thus 

x)rting the Low-Cost Silicon Solar Array Project goals, 
total of twelve modules were delivered to JPL for 
qualification testing. The first group of six modules 
contained aliminuTi-palladiiin contact cells. This final 
report discusses the module design, manufacturing procedure, 
test program, significant problem areas and solutions, and 
conclusions and recommendations as formulated and conducted 
by XBOS. 
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Final Raport. EFS Solar Nodulaa. 

M)bil iycx> Solar Ehargy Corporation 
954999 

Saptaober 1978 
DOE/JPL-954999-78/1 

6 photovoltaic modulaa using solar calls fabrics tad from 
silicon ribbons wars assanblad. Gich nodula was comprisad 
of 4 separata subnodulas whidi ware parallel connactad. The 
submodulas contained 45 EF6 calls wbidh ware series 
intarconnactad by a "shingle" or ovarlaiH>ing design* The 
inherent rectangular shape of dte calls allowed a hl^ 
packing factor to be achieved. The average efficiency of 
the 6 modules, corrected to AML at 28 deOTera C was 8.7X, 
which indicates that the average encapsulated cell 
efficiency was 10.01. 
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Final Raport. Rwhc 2. AutooftCod Array AaaaBBbly, Tuik IV 

Lodcheed Misailaa and Space Go., Inc., Sunnyvala, CA (USA) 

93A898 

October 1978 

DOE/JPL/954898-73/4 

This contract was & p ocess developnent effort to verify the 
tedmological reriiiwtas of a selected process sequence from 
that as-sawn Ozochralski grown silicon wafers to the module 
assembly. He process investigated consisted of tiie 
following sequerK:e: Starting Haterial: 3-inch as-sawn CZ 

silicon wafers; texr.ure etdiii^ of silioxi wafers using 
sodium h)pdroxrdc junction formation by ion implantation of 
phosphorus ; laser annealing of ion in^lanted wafers ; screen 
printing of AG-AL for ohmic contact; spraying of 
tantalum rxi. ^ AR coating; and assembly of modules using the 
LMSC module Ign, developed under die JPL contract 954653, 
as baseline. This selected process sequence was evaluated 
for its cechnical potential of adiieving the economic ^Is 
of U«e low cost solar array project of $.50/watt for 5(X) 
megawatt /year production by 1986. Evaluation procedures and 
results are reported. 
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Pinal Report. DBvelqpmnt and Ttoting of Shlngle-iype Solar 
Oell Modules 

General Electric Company 
954607 

Pfebruary 28, 1979 
DOE/JPL 954607-79/A 

The design, developoent , fabrication and testing of a 
shingle-type terrestrial solar cell module which produces 98 
watts^)^ of exposed module area at 1 kWAn^ insolation 
and 61^C are reported. These modules make it possible to 
easily incorporate photovoltaic power generation into the 
sloping roofs of residential or conmercial buildings by 
simply nailing the mcxiules to the plywood roof sheathing. 

This design consists of nineteen series -connected 53bm 
diameter solar cells arranged in a closely packed hexagon 
configMration. These cells are individually bonded to the 
embossed surface A a 3Dm thidc thermally tempered 
hexagon-shaped piece of ASG SUNADEX glass. Mcxisanto SAPIEX 
polyvinyl butyral is used as the laminating a<ftiesive. RTVII 
functions as the encapsulant between the i^erside of the. 
glass superstrate and a rear protective sheet of 0.8 mn 
thick HXTOLITE. The semi-flexible portion of each shingle 
module is a composite laminate construction consisting of 
outer layers of B. F. Gbodrich FLEX5EAL and an 
epichlorohydrin closed cell foam cx}re. The module design 
has satisfactorily survived the JPL-defined qualificaticxi 
testing program which includes 50 thermal cycles between -40 
and 49CPC, a seven day temperature - humidity exposure 
test and a mechanical inte^ity test consisting of a 
bidirecticxial cyclic loading at 2390 Pa (50 Ib/ft^) vhich 
is intended to simulate loads due to a 45 m/s (KX) mph) wind. 
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Final Report. Efficiency, Dtasity Terrestrial 

Panel 

John Wohlgeouth 
Solarex Corporation 
954822 

February 1979 
DOTl/JPL 954822-78A 

Most ccnmercially available photovoltaic modules employ the 
standard round cells. Because of geonetry limitations 
the packing density in these panels is typically 60 to 70%. 
The low packing densi^ results in total area p^l 
efficiencies of 6 to TU, With these low efficiencies, 
excess oicapsulation, framing and mounting materials are 
required per watt of power delivered, thereby significantly 
increasing the cost per watt to the consimer. In addition, 
because of the low p^el efficiency many potential 
applications, with limited area available for array 
deployment, are not feasible. Solarex has developed the 
technology for producing large area square and rectangular 
cells with hi^ (14 to 15%) conversion efficiencies at Ml 
(lkWAi2) at 280C. this program terrestrial panels 
have been fabricated using these rectangular cells resulting 
in the achievement of packing densities in excess of 90% 
with panel ccxiversion efficiencies greater than 13% being 
obtained. Most importantly, higher density panels can be 
prcxluc^ed today on a cost competitive basis with the standard 
salami panels, with bri^t prospects of significant cost 
reductions in the near future. 
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Final Report. High Efficiency Cell Develqpnent. 

Bernard G. Carbajal 

Texas Ins Crimen ts InaxrporaCed 

954881 

February 1979 
DOE/JPL-954881-79/5 

This program, High Efficiency Cell Development, was run as 
an activity under contract 934881, AAA, Phase 2. the 
goal of this specific activity was to inq>rQve the Texas 
Lnstriments developed Tandem Junction Cell (TJC) as a higjh 
efficiency solar cell. The TJC development must be 
consistent with module assonbly and shwld attribute to the 
overall ^Is of the ISA Project. During 1978, TX excess 
of 42 iibVcm^ were observed at M). Open circuit voltages 
as hi^ as 0.615 V were measured at AN). FTll Factor was 
only 0.68 - 0.75 due to a non-optinun metal contact design. 

A device model was conceived in vAiidi die solar cell is 
modelled as a transistor. This model will be very useful in 
directing future development activities. The planar back 
contact system of the TX coupled with the hi^ cell 
efficiency makes the TX an excellent candidate solar cell 
for the fabrication of high efficiency module, since diere 
are virtually no intercomect or packing factor losses. The 
TJC is cocopatible with all conventional module fabrication 
systems. The back contact system Icaids itself readily to 
series, parallel or series -parallel interconnect sdiemes. A 
modification of the TJC, the Ptont Skirface Field (FSF) cell 
was also explored. The FSF cell using a floating Pf layer 
on die front of the cell in place of the Nf layer of the 
TJC. The FSF cell also features the planar back contact 
system. Photoresponse of FSF cells, while good, was not 
quite as good as the TJC. 
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Final Import. Metallization of Urge Silicon Uefars 
Robert A. Pryor 

Motorola Inc. Semiconductor Group 
954689 
March 1979 
DOE/JPL 954689-78/4 

A metallization scheme has been developed which allows 
selective plating of silicon solar cell surfaces. The 
system is ^so^ised of three layers. Falladiim, throu^ the 
formation of palladiitn silicide at 300^0 in nitrogen, 
makes ohmic contact to the silicon surface, tttckel, plated 
on top of the palladiun silicide laver, forme a solerable 
Interface, le^-tin solder on the nickel provides 
conductivity and allows a convenioit means for 
interconnection of cells. 

Tb apply this metallization, three chemical plating baths 
are employed. Palladiiin is deposited with an inmersion 
paHadiun solution and an electroless palladium solution, 
and nickel is deposited with an elecroless nickel solution. 
Solder is applied with a molten solder dip. Extensive 
development work has been performed to achieve an effective 
inmersion palladium silicide r rttact layer. 

This metallization system has been repeatedly demonstrated 
to be extremely effective. Current -voltage characteristic 
curve fill factors of 78% are easily achieved. Ibis has 
been done while maintaining metal contact a(Siesion at such a 
strength as to fail by fracturing silicon upon perpendicular 
pull testing rather than by delaminating the metal system. 

Demonstrations have been performed on a laboratory scale 
using beakers, hot plates, and lots of 24 three inch 
diameter solar cells. Ch this basis, process specifications 
and procedurs have been prepared. The laboratory process 
could be easily scaled to full production volune. 

Although this metallization system has been shown to be cost 
effeclve in its present state of readiness, specific areas 
have been identified which would profit from additional 
development, leading to appreciable further cost reductions 
which would make the metallization cost a minor factor in 
50^ /watt solar cell economics. Adociioent, 'Material, 
Supply, and Process Specifications and Procedures for 
Metallization of Large Silicon Wafers with the 
Palladiim-Nfckel-Solder Metallization System," has been 
prepared and will be available from JPL upon request. 
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Final Report. DtvelqpoMnt of Eoanomical Improved Thick Filffl 
Solar Cell CbntacC 

Bemd Rosa Associates 

95516A 

April 1979 

TXM/JPL 955164-77/2 

Materials were surveyed to pro*;ide candidates for an all 
metal electrode paste system. These consisted of a major 
constituent metal powder , a low melting metal powder 
material suitable as an etdvant for silicon dioxide at 
sintering temperatures. By means of thermal gravimetric 
analysis, a suitable binder wai; Identified for low 
temperature fired inks. The all eietal ink concept was first 
demonstrated with the silver system to avoid die problems of 
limited process windows encountered with base metal 
systems. A nunber of solid materials capable of selectively 
etching silicon dioxide at modest ten^)eratures were 
identified. 

The results of the study suggest further experimentation 
with eutectic additives to enable formation of a thin hi^ly 
doped regrowth layer. 
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Final Report. Development of Rilsed Processes for the 
Manufacture of Solar Cells 

Spire Gbrporation 

954786 

April 1979 

i 

DOE/JPL 954786-79/7 I 

J 

i 

This report describes tiie results of a one and a half year j 

prograD to develop processes required for low-energy ion 

ioDplantation for the automated production of silicon solar 

cells. The program included (1) demonstrating 

state-of -die-art ion implantation equipment a^ designing an 

automated ion implanter, (2) making efforts to iiqirove the 

performance of ion-imploited solar cells to 16.5 percent 

AMI, (3) developing a model of the pulse annealing process 

used in solar cell production, and (4) preparing an economic 

ffiialysis of the process costs of ion implantation and 

furnace annealing. During the program, phosphorus ions at 

an energy of 10 and dose of 2 x lO^^cm'^ were 

implanted in silicon solar cells to OToduce junctions, vAiile 

boron ions at 25 keV and 5 x lO^^cm'^ were li^anted in 

the cells to produce effective back surface fields. An ion 

ioqilantation facility with a beam curroit up to 4 mA and a 

production throu^put of 300 wafers per hour was designed 

and installed. A design was prepared for a 100-mA, 

automated implanter with a production capacity of 100 M<j;> 

per year. Ttoo process sequences were develop!^ which employ 

ion implantation and furnace or pulse annealing. The 

JPL-Solar Array Manufacturing Industry Simulation (SAMIS) { 

computer program was used to determine costs for junction I 

formation by ion implantation and various furnace annealing 

cycles to demonstrate cost effectiveness of these methods. 
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Final Report. Solar Cell Modules with Parallel Oriented 
terconnactions . 

Motorola Inc., Semioonductor Group 
AinH: 954716 

June 1979 

DOE/JPL 954716-79/1 

This report docixnents activities and pertinent results which 
nave obtained on JPL Contract 954716. This contract 
provided for delivery of 24 solar modules, half of which 
were to be 48 cells in an all -series electrical 
configuration and half of a 6 paralleled cells by 8 series 
cells. Upon delivery of enviroranentally tested module to 
JPL, low power outputs were discovered. These low power 
modules were deter^ned to have cracked cells whidi were 
tiiought to cause the low output power. The cracks tended to 
be circular or linear, which were caused by different 
stressing mechanisms. A subsequait cc^ttract amendment to 
the original contract was made to fully explore these 
stressing mechanisms. The contract amendm^t also provided 
for delivery of 36 cells with selected interconnect 
configurations and two additional modules. The 
series -parallel configuration modules were also dianged to 
4PXL2S. Efforts were undertaken to determine Che causes of 
cell fracture. This resulted in module design and process 
modifications, foremost among which was the decision to 
utilize a multiple back contact interconnect design. The 
design and process changes were subsequently implemented in 
production. 
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Pinal Report. (Valuation of ^ Tbctmical FBaaiblllty and 
Effective Ooet of Various Thickness for the Mmufacture of 
Solar cells. 

Solarex Corporation 

955077 

July 1979 

DOE/JPL-955077-79/5 

The priticipal activities in the performance of this contract 
effort include practical evaluation of the Yaaunaga YQ>100 
saw in a production environment. The wafering system is a 
free-ebraaive multiple-loop single wire machine where the 
nudber of wafers /cm is determine by tne wire pltd). Jn 
addition, the effects of wire diameter and abrasive size 
were studied. Solar cells were manufactured from eadi saw 
run to analyze surface damage and effects of varying 
thidraess on efficiency. It was determined diat surface 
damage was mud) redu<^ compared to fixed abrasive saws, and 
as lit'rle as 5-10 micrometers of surface removal from each 
side of the wafer was sufficient to obtain optimum 
efficiency for the particular process whid) was imed. Since 
thin wafers were produced, an analysis of p»)el manufacture 
using thin cells was made wid) special concern for 
flexibility of the panels and breakage. The saw was found 
to be mud) more labOT intense than expected, and wafering 
system modifications are recoomended which can result in 
effective cost reduction for the manufacture of solar cells. 
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Final Report. Automated Array Aaeonbly Tksk In-Depth Study 
of Silicon Vfafer Surface Texturizing. 

Gregory T. Jones 

Sensor Technology, Inc. 

955266 

July 1979 

DOE/JPL-955266-79/2 

An in>depth study of silicon wafer surface texturizing was 
conducted in this progran. The work discussed in this final 
report covers four tasks. Thsk (1) investigated a low-cost 
cleaning method that utilized recycled Fkeon in an 
ultrasonic vapor degreaser to remove orgmlc and inorganic 
contaminants from the surface of silicon wafers as received 
from silicon suppliers. Task (2) demonstrated the use of 
clean dry air a^ hif^ throughput wafer batdt drying 
tedmiques to lower the cost of wafer drying, 'bsk (3) 
examin^ the two stage texturizing process for suitability 
in large scale production. 'Task (4) performed an in-depth 
gettering study with the two stage texturizing procctss for 
the enhancement of solar cell efficiency, minimization of 
I-V curve dispersion, and Improvement in process 
reproducability. The lOX efficiency improvement gocl was 
exceeded for the wafer surface texturizing study for the 
near term impleoaentation of flat plate photovoltaic cost 
reduction. Production solar cells were produced with 18. 3X 
higher efficiencies than similar solar cells without 
texturization. Gettering in combination with a two-stage 
texturizing process had a significant effect on solar cell 
batch electrical performance, fn 11. 8X average batch 
efficiency improvement was observed for 1cm temperature 
intermediate guttered solar cells over texturized (no 
gettering) solar cells. The wafer cleaning cxmc r^ucticxi 
goal for the wafer surface texturizing study was achieved. 

The cleaning materials cost was reduced from 3.7 cents per 
peak watt (1975 cents) to less than 0.7 cents per peak 
watt. The texturizing process cost including cleaning, 
drying, and texturizing, amounted to 1.26 cents per peak 
watt. The gettering cx>st, which used recycled F0C13, was 
found to be .97 cents per peak watt. These costs are in 
line with the 1986 DC£/JPL low-Oost Solar Array Project goal. 
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Final Report. A New Method )i Metallization for Silica. 
Solar Celia. 

Dr. Milo Mscba 

Sol /Los Incorporated 

955318 

September 1979 
DOE/JPL-955318-79/3 

Ihe new metallization process based on Mo-Sn system is the 
subject of this nine months program. MoO Is used as t±>e 
source of Mo, since its relatively low meltii^ mint and 
ease of reduction to metallic molybdenum. The Hrst part of 
the contract, the reaction medmnism study of M0O3 and its 
mixture with Sh, was conducted in an experimental station 
consisting of a graphite strip-heater and a Pyrex bell jar, 
under close control of temperature -atmosphere -time, while 
allowing visual observations of tiie reactions. The 
metallization of the cells was done in a diffusion tube 
furnace. In order to obtain a low ohmic contact to the 
cell, the basic ink composition was mxlified with a small 
addition of titaniim in the form of titaniim resinate. The 
electrical characteristics of the cells were comparable with 
the existing metallization processes. The firing cycle 
still has to be optimized for the process used In the 
continuous conveyor belt furnace, especially in the cooling 
cycle around 45(PC, which indicated a significant effect 
on the electrical characteristics. The cost analysis of the 
prcx:ess was based on projected prcxiuction cxjtput of one 
MegaVbtt per year, using 2" diam. silicon crystal wafers and 
the current material cost. Therefore the calculated cx>st 
de^;iates frcxn the projected price goal set up for the year 
1986. In cooperison wit^ the standard processes using 
silver as the contacting 'uetal, the saving obtained by the 
use of this new process is a direct result of the price 
difference between silver and molybdaion oxide with tin. 
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Final Report. Riase 2 of the AAA Tksk for the LSA Project. 
R. B. Caiopbell 
Vfestinghouse R&D Center 
954873 

October 1979 
DQE/JPL-954873-79/8 

The process sequence for ti>e fabrication of dendritic web 
silicon into solar panels has been modified to include 
aluninim back surface field formation. Sputtering is the 
preferred metiiod for depositing the aluniniin. Plasma 
etching has been shown to be a feasible tedmique for 
pre-diffusion cleaning of dte web. This would replace wet 
chemical cleaning. Several contacting systems have been 
ftudied. The total plated Pd-Ni system (Motorola Process) 
is not compatible with our process sequence: however, the 
evaporated TiPd-electroplated Cu s 3 rstem has been sho(im 
stable under life testing. Ultrasonic bonding parameters 
have been determined for various interconnect and contact 
metals but the yield of the process is not sufficiently high 
to use for module fabrication at this time. CVer 400 solar 
cells, about 11 cm2 area have been fabricated according 
to the modified sequence. No sub-process incooq>atibility 
was een. These cells have been used to fabricate four 
demonstration modules. A cost analysis (S/\MICS) of the 
modified process sequence resulted in & selling price of 
$0.75/peak watt (1980$ in 1986). 
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Final Report. Development of Econcmical finproved Thick Film 
Solar Cell Contact 

Bemd Ross Associates 

955164 

Decfflober 1979 
DOE/JPL 955164-79/4 

In the second half of the investigation of all metal 
screened electrodes, the focus was on base metal pastes in 
addition to furtiier work with the sil^ systems. Contact 
resistance measuremmits were refined. A facility allowing 
firing in hydr(^en and other atmospheres was acquired. 
Several experiments were made applying screenable pastes to 
solar cells. Doping investigations eoiphasized eutectic 
alloys reduced to powders, ^tal systems were reviewed. A 
previously publish^ vapor pressure curve for silver 
flour ide was corrected. Base metal experiments were done 
with nickel and cof^r using lead and tin as the frit 
metals. No electrical experiments were done with the nickel 
ink. 
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Final Report. B^aluation of Ion Inplntad Silicon. 

P. A. Ilea 

Ol^ical Coating Laboratory liK. 

955118 

February 1980 
DOE/JPL-955118-80/2 

This contract is a three>«iay joint effort, betueen 
Gslifomia Institute of Technology, Jet Propulsion 
Laboratory and Optical Ooating lebOTatory, Inc. (OCLI). The 
goal is to investigate the potrotial for reduced coat 
ion-implantation to fabricate low cost solar cells. The 
team obtains overall ^idance and some support related to 
low cost ion sources from JH,, Cal-Tbch p^forms all 
ion-implants (including variations in energy, fluenoe and 
ion sproies) ^ OCLI provides suitable silicon slices, and 
processes a^ evaluates the ioplanted wafers as solar cells 
using a *T>a8eline" process. 

Tb date about 280 slices have been prepared, implanted, aid 
prot^ssed as cells. The detailed sunnary of the cell 
performence as a function of the various ion implantation 
parameters is contained in the Cal-Thdi final report on this 
phase of the work. 
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MBAssociates 

955281 

Hard. 1980 

DOE/ JPL-955281 -80/A 

MBAssociates (MBA), under contract to Jet Propulsion 
Laboratories (JPL) developed as sd>strate for flat plate 
photovoltaic solar panel arrays using a glass fiber 
reinforced concrete (GRC) material. The installed cost of 
this GRC panel (dMigped, develc^ied and fabricated by M9A) 
is 30% less ^an the JPL cost goal of the Near Tbns Low-Ctet 
Flat Plate Photovoltaic Solar Array Prc^am. The A’ x 8* 
panel is fabricated from readily available inexpensive 
materials, vieigbs a nominal 190 lbs., has exceptionally good 
strmgth and durability propertiM (rigid and resists 
weathering), is amenable to mass prc^uction and is easily 
installed on simple mountings* Solar cells are encapsulated 
in ethylene /vinyl acetate (^A) with Tbdlar backing and 
Kbrad cover film. The laminates are attached to the GRC 
substrate with acrylic transfer tape and edge sealed with a 
silicone RTV adhesive. 
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Final Report. Riase 2 of the AAA 'Cisk of Hie LSA Project 

M. G. Gbleman, etal 

Fbtorola Inc. Semiconductor Group 

954847 

March 1980 

' DQE/ JPL 954847-80/8 

5«everal specific processing steps, as part of a total 
process sequmice for manufacturing silicon solar cells, were 
studied during this contract. Ion implantation has been 
identified as the Wbtorola preferred process step for 
impurity doping. Ibanalyzed beam ion implantation has been 
shown to have major cost advantages over analyzed beam 
inq>lantation. Further, high quality cells have been 
fabricated using a hi^ current unanalyzed beam. 

Medianically masked plasma patterning of silicon nitride has 
been shown to be capable of forming fine lines on silicon 
surfaces with spaclngs between mask and substrate as great 
as 250 |JD3 (10 mils) . Extensive work was performed on 
advances in plated metallization. The ne^ for the thick 
electroless palladiun layer has been eliminated. Further, 
co{^r has been successfully utilized as a conductor layer, 
utilizing nickel as a barrier to copper diffusion into the 
silicon. Plamna etching of silicon for texturing and saw 
daoiage removal has beai shown technically feasible, tnjt not 
cost-effective ccxnpared to wet chemical etching techniques. 
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Final Report. Dbvel(qment of low Cost Contacts to Siliocn 
Solar Cells 

D. P. Tanner and P. A. lies 
Optical Coating Laboratory, Inc. 

95524A 

October 1978 to April 1980 
DOE/JPL 955244-80/5 

This report is a sumnary of work done on die development of 
a cq^ier based contact system for silicon solar cells. The 
work has proceeded in three phases; 

PHASE I; 

Development of a cof^ier based contact S 3 ^tem using plated 
Pd-Cr-^. Good cells were made but cells degcaded under low 
temperature (30CPC) beat treatments. 

PHASE II; 

The d^adation in Phase I was identified as copper 
migration into die cells junction region. A paper study was 
conducted to find a proper barrier to the copper migration 
problem. Ittckel was identified as the best candidate 
barrier and this was verified in a heat treatment study 
using evaporated metal layers. 

PHASE III; 

ki electroless nickel solution was substituted for the 
electroless dirominim solution in the original process. 
Efforts were nmde to replace the pellcdium bath with an 
appropriate nickel layer, but these were unsuccessful. 

150 cells using the Rd-Ni-Qj contact system were delivered 
to JPL. Also a cost ctudy was made on the plating process 
to assess the chance of reaching 5^/watt. 
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Final Report. Silicon Solar Cell Esbrication ’fedmology. 

0. M. Stafsudd 

Ihiversity of California at Los Angeles 

954902 

May 1980 

DOE/JPL-954902-80/6 

The initial program at U.C.L.A. was to assist JPL during the 
building and expsision of their laboratory and device 
fabrication facilities. This work consisted of device 
fabrication whidi was cooiposed of the following processing 
procedures: a) low temperature FOCI 3 diffusions, b) 

metallization of back a^ front ohmic contacts, c) mask 
design and fabrication, and d) sintering in inert and H 2 
atmospheres. These processing steps were varied in 
accordance with JPL's instructions. The device evaluation 
was performed at U.C.L.A. aid JPL. The results of these 
measuranents were correlated, and they included such tests 
as: a) dark current vs. voltage and log I vs. voltage, b) 
li^t current vs. voltage at AMI and AMO, c) capacitance vs. 
voltage, and d) spectral response. The measurements were 
then interpolated and reduced to determine the material 
properties sudi as minority carrier lifetimes (tn) and 
diffusion lengths (Iti). The diffusion length 
determination was accomplished by spectral response 
measurements at U.C.L.A. Similar measurements of various 
devices were done by S.P.V. (Surface Ihoto Voltage method) 
at JPL. 
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Final Report. Investigation of Proposed Process Sequence 
for the AAA Tksk Phase II. 

Nick Mardeslch 

Spectrolab, Inc. 

954853 

June 1980 

DOE/JPL-954853-80/10 

A selected process sequence for the low cost fabrication of 
photovoltaic modules was defined during this contract. Each 
part of the process sequence was looked at regarding its 
contribution to the overall dollars per watt cost. During 
the course of the research done, some of tbe initially 
Included processes were dropped due to tedmological 
deficiencies. The printed dielectric diffusicxi mask, 
codiffusion of the 0 + and p+ regions, wrap-around front 
contacts and retention of the diffusion oxide for use as an 
AR coating were all tite processes that were removed for this 
reason. Other process steps were retained to achieve the 
desired overall cost and efficiency. Square wafers, a 
polymeric spin-on PX-10 diffusion source, a p+ back surface 
field and silver front contacts are all processes that have 
been recoiiinended for use in this program. The printed 
silver solderable pad for making contact to the aluninum 
back was replaced by an ultrasonically aj^lied tin -zinc 
pad. Also, the texturized front surface was dropped as 
inappropriate for the sheet sequence for module 
fabrication. A shift from bonding with a conformal coating 
to laminating with ethylmie vinyl acetate and a glass 
superstrata is recommended for further module fabrication. 
The processes that were retained for the selected process 
sequence, spin-on diffusion, print and fire aluninum p-^ 
back, clean, print and fire silver front contact and aj^ly 
tin pad to aluninun back, were evaluated for their cost 
contribution. The finalized process sequence is shown 
schematically on page lA and in Table 3.21-1, page 295. The 
process specifications for the finalized process sequence 
are shown in Appendix F. The format A's for SAMICS 
calculations of the finalized process are shown in Appendix 
G. 
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Final Report. Procesa Developoiant for Automated Solar Gall 
and Module Production. Tbsir 4: Automated Array Asaeobly 

MBAasociates 

954882 

Jiaie 1980 

DQE/JPL 954882-80/21 

Ihe scope of work under this contract involves specifying a 
process sequence which can be used in conjunction with 
automated ^uipment for the mass production of solar cell 
modules for terrestrial use. This process sequence is then 
critically analyzed from a tedmical and econc^c standpoint 
to determine the technol<^ical readiness of eadi process 
step for implementatioti. The process steps are ranked 
according to the degree of developnent effort required and 
according to their significance to the overall process. 

IJhder this contract the steps receiving analysis were: back 
contact metallization, automated cell array 
layup/intercormect , a^ module edge sealing, fbr automated 
layup/interconnect both bard automation and prograanable 
autoosation (using an industrial robot) were studied. The 
programnable automation system was then selected for actual 
hardware development. 

This work has been done to inwove the performance of solar 
modules and to lower the cost through process development 
and large scale automa' on. The guidelines used in this 
effort has been to work toward a process sequence which will 
provide a 500 megawatt/year production capacity in the 
industry by the year 1986. 


TmE: 


AUTHOR: 

CORPORATE AUIH: 
OOKIRACr NO: 
DATE: 

REPORT NO: 
ABSIRACr: 


Final Report. Developnent of Higjh Efficiency (14%) Solar 
Cell Array Hxlule 

P. A. Ilea, etal 

Optical Coating Laboratory, Lnc. 

955217 

June 1980 

DOE/JPL 955217-80/5 

Most effort was concentrated on development of procedures to 
provide large area (3" diameter) high efficiency (16.5%, 

AMI, 28^) P4itf>- solar cells. Intensive tests with 3" 
slices gave consistently lower efficiency Q.3.5%). The 
prc^lems were identified as inccnplete formation of an 
optinun bade surface field (BSF), and interaction of the BSF 
process and the shallow junction. Tbwards the end of the 
contract, a prooiising process sequence was identified, to 
meet the original goals and tests of this sequence are 
continuing outside of this program. 


270 


TITLE; 


AimCR: 

CORPORATE AUIH: 
OONIRACT NO: 
DATE: 

REPORT NO: 
ABSTRACT; 


Final Report. Gaaeous Malt Replenlshoiant System. 

D. N. Jewett, H. E. Bates and D. M. Hill 

&)ergy Materials Gorporation 

955269 

Aigust 1980 

DOE/JPL-955269-80/6 

The objective of this program was to demonstrate the 
operation of a novel, efficient silicon production 
tedmique. The essentials of the method coo^rlsed chemical 
vapor deposition of silicon, by hydrogen reduction of 
dilorosiianes, on the inside of a quartz reaction vessel 
having large internal surface area. The system was designed 
to allow sucessive deposition-melting cycles, with silicon 
removal being accomplished by discharging the molten 
silicon. The liquid product would be suitable for transfer 
to a crystal growth process, casting into solid form, or 
production of shots. Successful, sequential operation of 
the reverse U-bend trap seal ("U>tube") was also 
demonstrated. This feature, acting as a 1400^0 valve, 
permits successive deposition-meltout cycles in the 
reactor. Problems remaining to be solved with the system 
include: (1) Fluggii^ of the reactor outlet tube 

silicon halide polymers and by silicon monoxide generated 
during the melt-do^. (2) Maximization of regenerative 
heat exchange between reactants and products, thus io^oving 
conversion levels. 
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Final Report. AjtonaCed Solar Module ABaenably Lir<e. 

Max Bycer 

i^licke & Sofia Industries, Bic. 

955287 

^ust 1980 

DOE/JPL-955287-80/6 

The solar module as9eoi>ly machine which Kulicke and Soffa 
delivered under this contract is a cell tabbing and 
stringing machine, flexible in design, and capable of 
tiandling a variety of cells and assembling strings up to 4 
feet in a series or parallel arrangeoent, and in a strai^t 
or interdigltated array format. The machine cycle is 5 
seconds per solar cell. This madiine is primarily adapted 
to 3 Indi diameter round cells with two tabs between cells. 
Rjlsed heat is used as the bond tec^ique for solar cell 
interconnects . The solar module assembly madilne ijiloads 
solai cells from a cassette, automatically orients them, 
ai^lir 3 flux and solders intercomiect riM>ons onto the 
cells. It then inverts the tabbed cells, connects them into 
cell strings, and delivers them into a m^ule array format 
using a track mounted vacuun lance, from which they are 
taken to trat and cleaning bendies prior to final 
encapsulation into finish^ solar mcxiules. Throughout the 
machine the solar cell is handled very carefully, and any 
contact with the collector side of the cell is avoided or 
minimized. A laci^> simulator has been used to test bonded 
solar cells to determine if the bcxvding operation had any 
degrading effect on the cell. I-V profile curves taken of 
these sample cells, before and after the bonding operation 
indicate no apparent effect cxi the electrical 
characteristics of the solar cell by the bonding operaticxi. 
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Final Report. Low Cost CEOChralski Crystal Growing 
Tbchnolo^ Near TiBnn Implementation of the Flat Plate 
Ihotovoltalc Cost Reduction of the LSA Project. 

Kayex Corporation 

955270 

September I960 
DOE/JPL-955270-80/6 

Che of the primary requirements of the DOE/JPL silicon sheet 
task is to develop a ^ocess capable of producing low cost 
sllicoTi. This silicon must be capable of being processed 
into solar cells whidt will yield a solar cell efficiency of 
1A% AML. The technolc^ generated under this contract was 
aimed at developing process improvement concepts for 
lowerirg the costs of the meltdown and crystal growth 
functicns. A program aimed at improving process automation 
for increased yield and reduced labor requirement was also 
undertaken. The development of the various equipment 
designs that enable high volume, continuous G^ochralsJ<i 
production to be achieved should be directly transferable to 
industry. The objectives of the process tedinology phase 
was to develop and demonstrate continuous Ozochraslski 
crystal growth. Continuous Gzochralski growth was defined 
as a throu^put of 150 kg of silicon crystals of 15 cm 
diameter, utilizing one common crucible with melt 
replenishment. The conclusions and technology status of ti<e 
contract as applicable to the objectives of the contract are 
reported. Cost projections and actual cost achievements 
have been developed using SAMICS/IPBG formula and are also 
reported. No investigation and evaluation of the variations 
of the effects of the physical form of silicon feed material 
on the crystal growth process and impurity build >up in die 
ultimate crystal produced was uidertaken. 
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Final Report. Anti *4(ef lection CoatinsB on Large Area Glass 
Sheets. 

E. I^tirik 

Motorola Inc. Semiconductor Gt^oup. 

955339 

SepteoDber 1980 
DOE/JPL-955339-80/4 

Antlreflective coatings wbi^ may be suitable for use or. the 
cov*ers of photovoltaic solar modules can be easily produced 
by a dipping process. Ibe coatings are a{^lied to glass by 
drawing sheets of gTass vertically out of dilute aqueous 
sodiun silicate solutions at a constant speed, allowing the 
adierent liquid film to dry, then eyfosing the dried film to 
concentrated sulfuric acid, followed by a water rinse and 
dry. The process producer coatings of good optical 
performance (96.7% peak transmission at 0.340 ^ wavelength) 
combined with excellent stain and soil resistance, and good 
resistance to abrasion. The process is reproducible and 
easily controlled. 
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Final Report. Developonnt of Megaaonic Cleaning for Silicon 
Vtafers. 

A. Mayer 

RCA Corporation 

955342 

Septenober 1980 
DOE/JPL-955342-79/5 

The major contract goals to develop a cleaning and drying 
system for processing at least 2500 three-in . -diameter 
wafers per hour and to reduce the process cost were 
adtieved. The new system consists of an amnonia-hydrogen 
peroxide bath in whidi both surfaces of 3/32-in. -spaced, 
ion-implanted wafers are cleaned in quartz carriers moved on 
a l^lt past two pairs of Magasonic transducers. The wafers 
are dried in the novel room-temperature, high-velocity air 
dryer in the same carriers used for aimealing. A new laser 
scanner was used effectively to monitor the cleaning ability 
on a sacopling basis. 
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Final Report. Autonated Array Aasenbly, Riaae II. 

R. V. D'Aiello 
RCA Laboratories 
954868 

October 1980 
DOE/JPL-954868-80/9 

Flqure 1 is a schematic representation of die work of the 
first year. The philosophy of this plan was to establish an 
experimental process line starting widi 3-in.-diani silicon 
wafers and consisting of junction formation using FOCL 3 
gaseous diffusion, screen-printed thick -film metallization, 
reflow solder intercomect, and double-glass lamination 
panel assembly. This experimental production line produced 
a sufficient ninber of solar cells to demonstrate t^ 
technological readiness of eadi of those process steps. 
Variations (of each process) were made to set limits on the 
usable range of each process step and to determine the 
interraction widi adjoining steps. Tnspecticm measurements, 
and tests were included to determin he output requiremait 
diaracteristics of eadi step, obtain tatistical variations, 
and evaluate the performance of th<^ jiar cells and panels. 

A description of diis work, wbidi as conducted from October 
1977 througji December 1978, is given in Sections III and 
IV. This was followed by an 18-month study in which three 
manufacturing sequences synthesized from the above work and 
from studies conducted by other participants in the LSA 
program were exercised. The objectives were to assess die 
cooqiatibility between process steps for eadi sequence, to 
generate sufficient data for comparative SAMICS cost 
analysis, and to make reconmendations of the suitability of 
one or more of these sequences for the large-scale automated 
production of solar cells widi in the cost goal of $0.70/pW. 
The detailed experimental results of this study are 
described in Section V, followed by SAMICS cost analysis, 
recoomendations , and conclusions given in Sections VI and 
VII. 
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Final Report. The EBtablistment of a Production'teady 
MEUiufacturing Process Utilizing Thin Silicon Si^trates for 
Solar Cells. 

R. A. Prsror 

Motorola Inc. Seoiiconductor Group. 

955328 

October 1980 
DOE/JPL-955328-80/4 

Three inch diameter C^ochralski silicon substrates sliced 
directly to 5 mil, 8 mil, mid 27 mil thidmesses with wire 
saw tedmiques were procured. Processing sequences 
incorporating either diffusion or ion inplaitation 
tedinologies were enqiloyed to produce n*^ or n'tpp-^ solar 
cell structures. Th^e cells were evaluated for 
performance, ease of fabrication, and cost effectiveness. 

It was determined t^t the use of 7 mil or even 4 mil wafers 
would provide near term cost reductions for solar cell 
manufacturers . 
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Final Report. Phase 2 of the AAA Thsk for the LSA Project. 
Raymond C. Petersen 
Solarex Gorp. 

95A85A 

November 1980 
lXE/JPL-954854-80/8 

Studies were conducted on several fundamental aspects of 
electroless nickel/sulder metallization for silicon solar 
cells. A process proposed by Motorola, which precedes the 
electroless nickel plating with several steps of palladium 
plating and beat treatment, was compared directly with 
single step electroless nickel plating. Vlork was directed 
toward answering specific questions concemii% the effect of 
silicon surface oxide on nickel plating, effects of thermal 
stresses on the metallization, sintering of nid:el plated on 
silicon, and effects of exposure to the plating solution on 
solar cell characteristics. The Motorola process was 
compared with simple electroless nickel plating in a series 
of parallel experiments. It was demons tr “tec* by 
ellipb^ometry measuceoaeiics that the electroless nickel 
plating soluticxi dissolves silicon dioxide. Measurements of 
tab pull strengths and electrical character is tic:s of cells 
show that the presence of the oxide has no effect on cell 
properties. Removal of the oxide by the plating solution 
obvicxisly does require some time, but the delay in onset of 
nickel plating caused by the presence of a normal 
atmospheric oxide on silicon is very short. It was also 
shown, by sheet resistance measurements and gravimetric 
measurements, that phenomenon dictates that syjecial care be 
taken during the diffusion proc:ess to assure chat the p-n 
junction is deep encxjgh to survive the silicxxi dissolution. 
Brief sintering at relatively low temperatures after nickel 
plating sometimes increases otherwise poor a(^.esion. It has 
been shown by leakage current and electron micnroprobe 
measurements that sintering can safely conducted for long 
times at 30CPC, but it has also been shown that excellent 
adhesion can be obtained widxxit sintering. Cells with 
electroless nickel /solder metallization have been shown to 
survive perfectly for over 1,(XX) hours under 
bias-temperature-htmidity stresses of -.45 volt forward bias 
at 95^C and 85% relative himidity. This metallization 
also survies 763 hours at lOO^C and 25 cycles of thermal 
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abode from -40OC to +10QOC, while temperature extremoB 
of -65^ and -fl5CK>C are too severe. The Motorola 
process was foixxl to be extremely lengthy and amberseme. 
and was also found to produce a product virtually identical 
to that produced by single step electroless nickel plating, 
as shown by aeftiesion tests and electrical characteristics of 
cells under illixoinaticm. 


279 


TITLE; 

OQRFQRATE AUIH: 
OONreACT NO: 
DATE: 

REPORT NO: 
ABSTR/-CT: 


Final Report. Automated Array Assembly Iksk Development of 
Ixw-Oost Bolysilicon Solar Cells 

Photowatt International, Inc. 

955265 

NDveonber 1980 
DOE/JPL 955265-80/3 

Development of low-cost, large area polysilicon solar cells 
was conducted in this program. Three types of polysilicon 
material were investigated. Included in the study was the 
Wacker cast polysilicon. Crystal Systems HEM material, and 
Eicotic Materials FAST-CZ polysilicon. 

The influaice of crystal grains on solar cell efficiency was 
studied. A theoretical and experimental comparison bedi^n 
single crystal silicon and polysilicon solar cell efficiency 
was performed. 

The feasibility of applying an anisotropic sodiun hydroxide 
etching process to polysilicon wafers was investigated. The 
texture etching rate, time and solution concentration were 
evaluated. 

Several optional low-cost solar cell processes were 
investigated. They Included POCI3 getter ing, spray -on 
n"*" polymer dopants, and printed aliminun. It was 
demonstrated that 10% efficient polysilicon solar cells can 
be produced with spray-on n"*" dopants. This result 
fulfils an important goal of this project, which is the 
production of batch quantity of 10% efficient polysilicon 
solar cells. 
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Fi al Report. The Developcnait of a Method of Producing Etch 
Resistant Wax Patterns of Solar Cells. 

E. Pastirik 

Motorola Inc. Saniconductor Group. 

955324 

Noveni>er 1980 
WJPL-95532- -80/4 

A potentially attractive technique for wax masking of solar 
cells prior to etching processes was studied. This 
technique made use of a reuseable wax composition which was 
applied to the solar cell in patterned form by means of a 
letterpress printing method. After standard wet etching was 
performed, wax removal by means of hot water was 
investigated, ^plication of the letterpress wax printing 
process to silicon was met with a number of difficulties. 

The most serious shortcoming of the process was its 
inability to produce consistently well-defined printed 
patterns on the hard silicon cell surface. 
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Second Quarterly Report. Silicon Dendritic Web Material 
Process Developmen*:. 

R. E. Stapleton, D. L. Meier, L. Sienkiewicz, R. B. 

CasDopbell, and P. Rai -Cboudhury 

Mestin^house R&D Center 

955624 

Novernber 1980 
DOE/JPL 955624/80-2 

The properties of the cells Co be used in the first 30 an by 
60 cm module are given. The average efficiency was 
12.4j0.8%. The highest efficiency measured was 14.2%. A 
satisfactory lamination has been made with polyvinyl but 3 rral 
replacing ethylene vinyl acetate. 
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Final Report. Phase II AAA Tulr LSA Project. 

C. Olson 

Sensor Technology Inc. 

954865 

Deceoaber 1980 
iXJE/JPL-954865-80/9 

The infonnatlon presented in this Final Report provides a 
smmary of tlie work performed from Septeob« 20 , 1977 
through June 20, 1980 by Sensor TIedtnology, Lie., in 
Chatsworth, California and Fhotowatt International, Lk:. in 
Tempe, Arizona. 

The initial contract was a Phase II Process Development for 
a process sequence, but with concentration on two particular 
process steps: laserscribing and spray-on junction 

formation. The balance of the process, althou^ important, 
was to be a subordinate level of effort to su{^rt t^iese two 
major tasks. 

The add-on portion of the contract was to furtiier develop 
these tasks, to incorporate spray-on of AR Coating and 
aluninun and to study the application of microwave miergy to 
solar cell fabrication. 

The overall process cost projection is 97. 918^ The 
major contritAitor to this excess cost is the module 
encapsulation materials cost. The frame and encapsulation 
materials alone total 25.634^A^. Since this was not an 
area of major effort on the contract, the approach was to 
automate 'ihat was available, not to develop new technologies 
and, as a result, less effort was devoted to this task. 

During the span of this contract the study of microwave 
application to solar cell fabrication produced the ability 
to apply this technique to any requiremmt of 600^ or 
less. Above this temperature, non-uniformity caused the 
processing to be unreliable. It became evident that 
fundamental development efforts were required and these are 
being pursued through another contract. 
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Final Report. Develqpment of Sliqtlifled Procees fbr 
Sivironmentally Resistant Cells. 


W. J. King 


Kinetic Coatings Incorporated 
955079 

December 1980 
DOE/JPL-955079-80A 

This report describes a pccyram to develop a single, 
foolproof, all-vacuup solar cell manufacturing process which 
can be completely automated and which results in median 
efficioicy cells which are inherently environmentally 
resistant. All components of the completed cells are 
integrated into a monolithic structure witdi no material 
interfaces. The exposed materials (Si, Al;^, AL, Ni) 
are all resistant to atmospheric attack and the junction, 
per se, is passivated to prevent long term degradation. 

Sudi cells are intended to be incorporated into a simple 
module consisting basically of a press -formed metallic 
superstructure with a separated glass cover for missile, 
etc., protection. A 5 cm x 5 cm test cell configuration was 
design^ in whicli ttte various efficiency loss factors were 
adjusted to yield a 10% cell. Each of the cell elements 
was individually optimized for coobination with the others. 
The basic cell consists of alloyed front (Al) and back (Ag 
plus Ni) contacts, a multi-purpose (AR, hermetic seal, 
implantation oxide) front surface coating of AI 2 O 3 , acxl 
an implanted front junction. Implantation (knage annealing 
and contact alloying are carried cxJt in a simple one step 
thermal treatment at 87(PC using a resistance heated 
furnace in vacuon. Times at temperature as short as 15-20 
seconds for complete cell activation were deoionstrated in a 
related proprietary program. The use of non -analyzed and 
semi -analyzed beams for fabricating these cells was 
developed by KCI for use on this contract. A final lot of 
50 cells made using the semi -analyzed beam method had an 
average efficiency of 10.4% at AMI (28 + 1°C). An 
economic analysis predicts a manufacturing cost of 
$.45/peak-watt for these cells using a one machine automatic 
method. 
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Final Report. Hlg^ Resolution, Low C3ost Solar Cell Cbntact 
Developoient. 

N. Mardesich 

Spectrolab, Inc. 

955298 

Decenber 1980 
DOE/ JPL-955298 -80/2 

Ebcperlmental work denonstrating the feasibility of the 
MIDFILM process as a low-cost means of aj^lying solar cell 
collector metallization was cooipleted during this contract. 
Cell efficienci^ of above 14% (AMI, 28°C) were achieved 
with fritted silver metallization. Ehvlronmental tests 
suggest that the metallization is sli^tly humidity 
sensitive and degradation is observed on cells with high 
series resistance. The major yield loss in the fabrication 
of cells was due to discontinuous ^id lines, resulting in 
hi^ seties resistance. Standard lead-tin solder plated 
Interconnections do not appear conqiatible with the MIDFIIM 
contact. Co{^r, nickel and molybdenun base powder were 
investigated as low-cost metallization systems. The copper 
based powder degraded the cell response. The nickel and 
molybdmum base powders oxidized thoi sintered in the 
oxidizing atmosphere necessary to ash the photoresin. 
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Final Report. Cost Effective Flat Plate ibotovoltaic 
Modules Using ligiit Trapping 

C. N. Bain, B. A. Gordon, T. M. Iftuusel, R. L, Malinowski 
Science ^plications, Inc. 

955787 
April 1981 
DQE/JPL 955787-81/1 

This report and Appendix A give the resuite of the study. 

The Final Report details the analyses and calculations 
performed to arrive at the design guidelines, and Appendix A 
is an Optical Design Guide which contains rules and 
guidelines for the practicing photovoltaic design engineer. 

Science Applications is extending prior in-house work in 
optical trapping in "thick films" to form a design guide for 
ptotovol taic engir<eering. 

The Desl^i Guide shows the reader how to construct 
photovoltaic modules to use and even to exploit this 
concept. By SAX calculations up to 20% im^ovements in 
standard module performance can be expected. Even larger 
improvements can be received in special modules constructed 
to exploit these thick film effects as discussed in the 
Final Report. 
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Final Report. Processing Experiments on Non -Czochr aisle i 
Silicon Sheet (MEPSDU Support Contract) 

R. A. Pryor, L. A. Grenon, N. G. Sakiotis, E. M. Psstirik, 

T. 0. Sparks, and R. N. L^e 

Motorola Inc. Semiconductor Group 

95584A 

April 1981 

DOE/JPL 955844-81/2 

A program of six months duration Mas performed to support 
and promote tlie further development of processing tedmiques 
which may be successfully and cost-effectively applied to 
low-cost non-Gzochralski silicon sheet for solar cell 
fabrication. Results are reported in the areas of process 
technology, cell design, cell metallization, and production 
cost simulation. 
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Final Report. Automated Solar Panel Aceeably Line. 

Howard Sodberg 
AROO Solar, Inc. 

955278 
May 1981 

DOfi/JPL-955278-81/5 

This report contains the results of a two-year effort to 
design, develop and operate automated equipment for ti>e 
interconnection of solar cells and lamination of cell 
circuits into modules. The overall objective was to effect 
near-term reduction of silicon solar cell array costs so as 
to achieve the 1985 goal of $0.70A^. 

The program consisted of four sections: 1) design of a 
module that lends itself to automated assembly, 2) design 
and development of prototype equiptent for the 
interconnection and lamination of solar cells into a 
completed module, 3) the operation of a pilot productio) 
line using the equipment developed iii this program, and 4) 
perform a cost analysis of the production run. 

This progrsBn was originally (proposed as a 12 month effort. 
However, because of the cooq)lexity of the soldering 
equipment task the program was extended to 2? months . In 
late 1979, a prototype element of the soldering machine was 
implemented into the module production operation. This 
section of the machine consisted of i roller transport 
mechanism integrated with an ele«.tromagnetic induction 
coii’»f* ** for soldering axitinuous ribbon interconnects to the 
front of solar cells. In a fashion, it was the first step 
in the mechanization of soldering or "tabbing” solar cells, 
and this simple mechanism has reliably tabbed about 1.8 
million solar cells to date. 

In mid-1980, the lamination system b^an operation in ARCD 
Solar's automated solar panel facility in Camarillo, 
California. This prototype system has produced PV modules 


* All costs in th 8 report are given in 1980 dollars. 

** The automated soldering machine was subsequently 
redesigned to usu an infrared heat source. 


representing in excess of one megawatt. The pilot 
production line operation integrating the completed 
soldering and lamination equipment was successfully 
conducted in ^il 1981. 

The following adiievements were made on this program: 

o a lamination system capable of producing 20 modules /hour 

o a soldering ma<±ine capable of interconnecting 900 

cells /hour 

o a cost reduction of approximately 40% in module 
materials and labor. 
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Final Report. Laser Anealing of Ion Implanted Silicon for 
Solar Cell Junction FDrmation 

Lockheed Missiles and Space Company, L:k:. 

955696 

June 1981 

DOE/JPL 955696-81/4 

^ Investigation was conducted which evaluated the merits of 
large spot size pulsed laser annealing of phosphorus 
inplanted, C^ochralski grown silicon for junction formation 
of solar cells. The feasibility and requirenents were also 
determined to scale-up a laser system to anneal 7.62 cm 
diaoeter wafers at a rate of 1 wafer /second. 

Laser parameters were developed for optimized performance. 
These parameters were subs tan tia*'ed by surface analysis, 
including SIMS , TEM and RBS te n., nues , followed by 
fabrication of2x2cm, and 7.62 on dia. 

functional cells to verify acceptability. 

Results show that laser annealing yields active, defect 
free, shallow junction devices. 

Experiments showed tdiat texture etched surfaces are not 
compatible with pulsed laser annealing due to the surface 
melting caused by the laser energy. Vhen compared with 
furnace annealed cells, the laser annealed cells generally 
e:diibited conversion efficiencies whidi were equal to or 
better than those furnace annealed In addition, laser 
araiealing has greater throu^put potential, which is 
mandatory for the LSA Project. 

A hi^ throu^put pulsed laser system to accoomodate single 
pulse annealing of 7.62 cm diameter wafers at a rate of one 
wafer per second is feasible. 
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Quarterly Report No. 3. Develqment of an ALl>Metal Thick 
nim Goat Effective Metallization ^tem for Solar Cells 

Bemd Boss 

Bernd Ross Associates 
955688 

Septeoober 1981 
DOE/JPL 955688-80/3 

Experiments were conducted witli variations in paste 
paraneters, firing conditions, includit^ gas a^ients, 
furnace furniture, silicon surface and others. 

The Photovoltaic Solar Biergy Conference was attended and a 
paper was presented. Semiconductor and solar cell research 
activities in Hjnidi were visited and activities of mutual 
interest were discussed. 

A liquid mediun, intended to provide transport during the 
carbm fluoride decomposition was incorporated in the paste 
with promising results. 
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Quarterly Progress Report No. 7. Developoient and 
^brication of a Solar Cell Junction Process ^tem 

^ire corporation 

9556AO 

October 1981 

DOE/JPL 955640-81/7 

This quarterly report covers work perforoed during the 
period between 1 July throu^ 30 Septetnber 1981 on Tbsks 1 
to 3 of the contract for the develqxnent and fabrication of 
a solar cell junction pro<^8ii^ system. Aesenbly and 
system testing has continued on the Task 1 phase to develop 
a pJls'sd electron beam for the 4-indi wafers. Wbfers have 
oeen successfully pulsed and solar cells fabricated. 

.^senbly of the transport locks has now been con^leted. The 
transport has been operated successfully but not yet with 
sufficient reproducibility. An experimental test facility 
to examine potential scaleup problems associated with the 
proposed ion implanter design has been constructed and 
operated. Cells have been m^lanted and found to have 
efficiency idoitical Co the normal Spire implant process. 
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Qjarterly Report. Development of Tedmique for AR Cbating 
and Nidfcel Copper Metallization of Solar Cells FPS 
Project Product Development. 

C. G. Ramnger 

Fbotowatt International, Lie. 

955986 

October 1981 

DOE/JPL-955986-81/1 

Solar cells were fabricated using the RK>towatt 
International, Inc., production process. Cbe hundred 3" 
cells with 800°A of silicon nitride over Nf/P junction, 
and evaporated alimiiiui? metal (on the back side) were 
delivered to ESL for niuVel printing. Initially two nickel 
pastes were defir»ad by El'L as lot 1051-21A and Lot 1051-21B; 
each lot had a different ^:ype of borc»ilicate frit. After 
application of nickel p<*ste these solar cells were sent to 
Vanguard Pacific for brush coK)er plating. Electrical and 
mechanical data taken from lot 1051 -21A and Lot 1051 -21B 
indicated a need to increase borosilicate frit and silver 
fluoride (AgF). Three more pastes were formulated by ESL. 
Electrical, mechanical and visual data were recorded for 
three groups of nickel pastes using various fire-in 
temperatures and time cycles. Quarter cells of eadi nickel 
group are being evaluated using techniques such as SEMS, 

SIMS and Beta-scan. 
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Final Report. High Resolution, Low Gc»t Solar Cell Contact 
Development 

N. Mardesich 

Spectrolab, Inc. 

955725 

NoveBi)er 1981 
DOE/JPL 955725-81/1 

MIDFILM cell fabrication and encapsulation have been 
demonstrated as meanp of aR>lying low-cost solar cell 
collector metallization. The average cell efficimicy of 
12.05i (AML, 28PLj was achieved with fritted silver 
metallization with a demonstration run of 500 starting 
wafers. A 98% mechanical yield and 80% electrical yield 
were achieved throu^ the MIDFIIM process. High series 
resistance was responsible for over 907o of the electrical 
failures and was the major factor catling the low average 
cell efficiency. Bivironmental evaluations suggest that the 
MIDFILM cells do not degrade. A sli^t degradation in power 
was experiaiced in the MIDFIIM minimodules when the AMP 
Solar lok connector delaminated during envirormental testing. 

Molybdenum-tin-titanium hydride has been Identified as a 
metallization for producing non-noble MIDFIIM contacts. 
Efficiencies of 9 to 10% have been achieved for non-AR 
coated cells. The low efficiencies of the non-noble MIDFILM 
contacted cells is attributed totally to the series 
resistance associated with the grid line configuration. 
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Final Program Sumary Report. Evaluation and Verification 
of Epitaxial Process Sequence for Silicon Solar -Cell 
Production 

D. Redfield 

RCA Laboratories 

955825 

Ibvember 1981 
DOE/JPL 955825-81/3 

Tb adiieve tbe program goals, 28 minimodules were to have 
been fabricated and tested, using 600 cells made from 
tbree-inch -diameter wafers processed by the sequence chosen 
for titis purpose. Of these 600 cells, half were to be made 
from epitaxially grown layers on potentially low-cost 
substrates. The other half were to be made from coonercial 
semiconductor -grade (SG), single-crystal silicon wafers tiiat 
served as controls. Cell processing was normally performed 
on mixed lots containing si^ificant mniiers of each of 
these two types of wafers. After evaluation of the 
performance of all cells, tiiey were separated by types for 
Incorporation into modules ti)at were to be tested for 
electrical performance and response to environmental 
stress. A simplified flow chart displaying this scheme, for 
quantities representing half of tile planned total to be 
processed, is presented. 

Docioientation of specifications and procedures of all 
process steps chouen for this program, a^ detailed SAMICS 
cost analyses have been provided in separate reports bearing 
those titles. As with all R&D projects, however, tiiere are 
unavoidable differences betwe«i sotjb of the laboratory 
processes used to fabricate cells and modules for the 
preset evaluations and the analogous processes as they 
would take plac^ in a factory at high production rates. In 
all cases where uncertainties may exist in specific process 
stepr, the materials or procedures used were consistent with 
developosnts occurring under eitlier the LSA Program or the 
Exploratory Development (ED) contract that RCA was 
conducting for SERI. In this report, some information is 
provided on relevant work under the ED Program. 
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Quarterly Report No. 4* A Module Ebcperimental Ptocess 
^stem D^elopoient Ihit ^lEPSlXJ) 

Solarex Corporation 

955902 

November 1981 
DOE/JPL 955902-81/4 

The pjrpose of ttiis progrem is to decMonstrate the technical 
rea tiness of a cost-effective process sequence that has the 
potential for the production of flat plate photovoltaic 
modules which meet the price goal in 1986 of 70 q! or less per 
Watt peak. 

The major accomplishmmts of the program to date have been 
the development of an improved AR coating technique, the 
development of sand blast back clean-up to reduce clean up 
costs and to allow much of the A1 paste to serve as a back 
conductor, and finally the development of wave soldering for 
use with solar cells. 

During the quarter, program efforts included; 

Suspension of all module processing efforts per JPL's orders. 

Redefining the program budget, schedule and program plan to 
reflect the reduced funding level and scope of work. 

Processing of control and test material via a controlled 
process sequence to determine the material capability. 

Ocperimentation with diffusion barrier materials. 

Cell processing to evaluate differ«it process steps. 

Preparation of a Cell and Minimodule Tbst Plan. 

Collecting data for preliminary SAMICS cost analysis. 
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Quarterly Report. A Module Bcperimental Process System 
Development Lhit (MEPSDU). 

Westinghouse Electric Gorooration 

955909 

Novenber 1981 
DOE/ JPL -955909-81/4 

Work on the Westinghouse MEPSDU contract was initiated on 
Noveoaber 26, 1980. This report describes work perfonned 
during the fourth threo'inonth period of the contract 
(September 1, 1981 throu^ November 30, 1981) and outlines 
plans for the next quarter. Module design work during the 
past quarter result^ in the identification of surface 
treatment to the module glass superstrata vhich improves 
module efficioicies by approximately .5% (absolute). This 
improvement has beai verified by testing conducted at 
Westinghouse. This is an important breakthrough which could 
reduce production costs by as much as 2.5^/watt. The final 
module environnaital test, a simulated hailstone impact 
test, was conducted on full size module superstrates at 
Westinghouse during this quarter. The objective of the test 
was to verify that the module's tea 5 >ered glass superstrata 
can withstand specified hailstone impacts near the corners 
and edges of the module. Process sequence design work 
continued throughout the quarter on the metallization 
process selection, liquid dopant investigation, dry 
processing, and anti-reflective/photoresists application 
technique tasks. An optimun Ti/Pd thickness has been 
established. Work on the identification of ccxnnercial grade 
dopants whidi could allow simultaneous front and back 
junction diffusions has led to promising results. An 
experiment has been performed to identify a noncontact 
cleaning method for raw web cleaning. In additiai, a vendor 
has agreed to apply antireflective and photoresist coatings 
to dendritic web stripe using a meniscus coating technique 
to allow a qualification of this improved process, \ferk cxn 
the Kulicke and Sofia task to design an automated cell 
interconnect station for the Westinghouse M^iPSDU continued 
this quarter. SAMIS economic analyses were updated during 
this quarter and have reaffirmed that the Westinghouse 
MEPSDU process sequence can meet the DOE/JPL cost goals of 
$.70 per peak watt (in 1980$). 
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Final Report. USA Large Area Silicon Sheet Task Ehhanced ID 
Slicing Tischnology for Silicon Ingots. 

Siltec Corporation 

955282 

DeceoGber 1981 
DOE/JPL-955282-81/8 

Tb bring l.D. slicing technology to a higher performance 
level by demonstrating a significant increase in tiie nunber 
of usable slices per centimeter over industry practice 
through ttte reduction of both blade and slice thickness, a 
combination of three key tec^mologies was investigated: 
ingot rotation with miniooun exposed blade area, dynamic 
cutting edge control, and the use of prefabicated blade 
inserts. Prefabricated blade inserts premise great 
potential for increasing the blade lifetime while decreasing 
kerf. Results have been encouraging, however, more 
fundamental work in the materials area of the bond is 
required before these blades become an effective production 
tool. Ai alternative solution of etched core construction 
permitted low kerf slicing, bwjt further refinement for 
greater lifetime is necessary. Economic modeling of the 
enhanced l.D. slicing process utilized the IPEG II option of 
SAMICS. A comparison of slicing with ingot rotation and 
plunge cutting has shown that simultaneous multiple ingot 
feed will improve the present cost picture of l.D. slicing 
significantly. 
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Final Report. B:]uipDnnt Develqxnent for Automated Assembly 
of Solar Modules 

Ttacor MBA (HBA Associates) 

955699 

January 1982 

DOE/JPL 955699-81/05 

Prototype equipment was developed v^ich allows for totally 
automated asse^ly in the three major areas of module 
manufacture: cell stringing, encapsulant layup and cure and 

edge sealing. 

The equipmeut is designed to be used in conjunction with a 
standard Ihimate 2000B industrial robot although the design 
is adaptable to other transport systems. 
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Quarterly report. Silicon Froduction Process Evaluations. 
Texas Research and Ehgineering Institute, Inc. 

956045 

February 1982 
DOE/JPL-956045-82/3 

Chemical engineering analysis was continued for t^e HSC 
process (Hemlock Semiconductor Corporation) in whidi solar 
cell silicon is produced in a 1,(XX) ^f^/yr plant. Progress 
and status are reported for the primary engineering 
activities involved in the preliminary process cr.gineering 
design of the plant: base case conditions (96%), veaction 
chemistry (96%), process flow di^am (85%), material 
balance (85%), energy balance (60%), property data (60%), 
oquipmmit design (4^), major equipmoit list (30%) labor 
requirements (10%). Ehgineering desim of the second 
distillation column (D-02, TCS coluan) in the process was 
completed. The design is based on a 97% recovery of the 
light key (TCS, trichlorosilane) in the distillate and a 97% 
recovery of the heavy key (TET, silicon tetrachloride) in 
the bottoms. At a reflux ratio of 23, the specified 
recovery of TCS and TET is achieved with 20 trays 
(equilibrium stages, N“20). Respective feed tray locations 
are 9, 12 and 15 (NFi - 9, NF'2 “ 12, and NF 3 - 15). A 
total condenser is used for the distillation which is 
conducted at a pressure of 90 psia. 
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Final Report. Silicon Dendritic Vfeb Material Process 
Development. 

D. L. Meier, R. B. Campbell, L. J. Steinkicwicz, and P. 
Rai-Choudhury 

Westinghouse R&D Cerxer 

955624 

March 1982 

DOE/JPL-955624-82/3 

The purpose of ttiis program was to develop a low-cost 
contact system for solar cells and to integrate tediniques 
for fabricating, interconnecting, and encapsulating solar 
cells in order to produce several demonstration modules. 

IWo experimental contact systems were ex-mined and coaqiared 
to a baseline contact system consisting of evaporated layers 
of titanium, palladium, and silver and a.i electroplated 
layer of copper. The first experimental contact system 
consisted of evaporated layers of titaniun, nickel, and 
copper and an electroplated layer of copper. This system 
performed at least as well as the baseline system in all 
respects, including its response to temperature stress 
tests, to a hunidity test, and to an accelerated aging 
test. In addition, the cost of this system is estimated to 
be only 437o of the cost of the baceline system at a 
production level of 25 MW/year. 

The second experimental contact system consisted of 
evaporated layers of nickel and copper and an electroplated 
layer of copper. Auger electron spectroscopy was used to 
show that the evaporated-nickel layer is not an adequate 
bartier to copper diffusion at temperatures at least as low 
as 25CPC. This fact brings into question the long-term 
reliability of this contact system. This system was further 
afflicted with proolems of adherence between the silicon and 
the evaporated nickel, and for these reasons is not viewed 
as a promising contact system. 

T'.ree modules were fabricated using cells made from 
dendritic web silicon. Ultrasonic seam bonding was used to 
interconnect the cells into strings, and ethylene vinyl 
acetate was used to encapsulate these cell strings. The 
first two modules were of nominal (30 X 60) cm size and the 
third module was of nominal (36 x 118) cm size. The 
efficiency of the third module was measured in natural 
sunlight to be 10.6%. 
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cyclic Erasure Load Developmental Tteting of Solar Bnels. 
D. Moore 

Jet Propulsion laboratory 
00757 

November 1976 
5101-19 

9 sol^ panels of 5 different designs were sU>jected to a 50 
Ib/ft^ uniform load «^ich was alternately ^plied to the 
front and back sides of the panel. The loading was intended 
to sinulate periodic recurrence of wind loading over the 
lifetime of a solar panel. Each of the 5 designs was 
si^jected to at least 10,000 pr^sure cycles. No gross 
structural failures occurred. One of the designs failed 
regularly at the cell interconnects. Another design shorted 
out one or loore cells upon panel flexure. Both problems are 
readily explained in terms of desi@i deficiencies in the 
cell interconnects, aid therefore ai^iear to be easily 
remedied in future designs. The cyclic pressure loading 
apparatus developed as part of this effort performed nx>re 
than 130,000 cycles to the various panels testeci. 


preceding page BlAW NW 
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Availability of ULtraviolat Radiation Data (ibr 
Bicapsulation ^ten Design). 

C. Gbnzalez 


AIJIHDR: 

QQRPGRATE AVIH: 
MTE: 

RQORT NO: 
ABSTRACT: 


Jet Propulsion laboratory 

Mnruary 1977 

5101-13 

The purpose of this report is to review the literature 
order to deternine the avildbility and adequacy of 
ultraviolet (UV) data which is required to predict the 
effects of solar UV radiation (less than AOOO AP oagpitude 
and spectral distribution) on terrestrial solar cell 
encapsulants . fo addition, the characteristics of UV 
radiation which affect the amount reaching the Earth's 
surface will be considered. The paraseters and 
relation^ips reviewed include: the ratio of the UV 
(selected baids) intensity to the total surface incident 
horizontal solar radiation; seasonal and diurnal UV 
variation: atmospheric conditions -haze, turbidity, smog, 
ozone; UV variation with solar altitude; UV variation with 
receiving plane orientation; gromd reflectance; ratio of 
direct -to>dif fuse radiation: and anisotrc^ of sky UV. 

Investigators (References 1-1 and 1-2) have found that the 
degradation of polymers is related to the UV spectrum when 
outdoor weathering tests are performed, but not to the total 
solar spectrum. It has also been shown that degradation 
proceeds faster in sunner than in winter. This could be due 
in part to bigger teopera tores, but is also prob^ly related 
to the higher UV which is measured in simner. In any case, 
the consideration of UV radiation is extremely important in 
materials testing. 

Although nixnerous measurements have been made of selected UV 
bands between 2900-4000 AP (UV below 2900 is absorbed by 
Earth's atmosphere) the actual amount of data usable for the 
purpose ofllMsjMttjigg q^psulant degradation are Ihnit^. 
The difficulty arises one attempts to correlate these 
measurements over different spectral rmges made at 
different times and locations, under various atoiospheric 
conditions, and using different instruments. Attests to 
estimate UV radiation will result in large 'XK:ertainties. 

The amount of UV, boto absolute and relative, reaching the 
surface is a function of the time of day, tine of year, 
cloud or haze cover, and air pollution levels. Th^efore, 
measurements made at one location may not correlate with 
toose made at anotoer. 
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Ihe approach used by the Battelle ColuDobus Lrixiratories 
(Reference 1-3) in performing the analysis for the Low-Oost 
Silicon Solar #rray (LSSA) Mwfcjle Bicapsulation Ibsk uas to 
obtain the percentage of the total soln radiation 
attributed to UV. Ibis was based on measurements by the 
Snithsonian Radiation Biology Laboratory for Vhshii^ton, D. 
C., and Rockville, HarylAid (Reference 1-4). The data for 
Vhshington were consi<^ed to represent an urban area, and 
those for Rodrville a suburban (or non-urban area). 

The objective of the Battelle approach is to predict 
long-term (20-year) UV Bqposure. Iherefore, the 
difficulties which are encouitered when atteof>ting to 
estimate UV exposure over a dMrt time period becooie less 
important. Ihey cannot be eliminated from consideration 
co^letely, however. An average value of the ratio of UV 
percentage of total solar radiation determined in one 
location may be different from that at another location. 

Ebr exaiple, two locations may have the same total 
iimolation levels, but may experience different weather 
pattenm in terms of cloudiness such that the total amount 
of UV received would be different. It is alro possible for 
two locations to have the same total UV radiation (less than 
40000 but different spectral distributions. Such 
differences will also be introduced by difference in air 
pollution levels . 

Aiother consideration, «Aien making estimates of the UV 
radiation, is that the response of various bands of the UV 
s^truD to ozone, pollution and atmospheric scattering are 
different. Also, differoit polymers respond to different 
bands in the UV spectrim. Ihis report discusses some of the 
measurements taken in the past in order to identify the 
characteristics of UV radiation which are required for 
developing the methodology needed for predicting the UV 
exposure at a particular site. 
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T)»st Program on U>w-Co8t Connector Fbr Solar -Art *.y Modules. 
A. H. Cantu 

ACIH: Jet Propulsion Laboratory 

Ffebruary 1977 
5101-20 

A recently-developed low-cost electrical corrector (the ITT 
Cannon Sure-Seal) was selected for and si^jected to a 
qualification t^st series related to terrestrial solar-array 
applications. Ninety-four mated pairs were subjected to an 
environnental test pcoam to determine whether this 
connector could be used in this application. The solar 
pemel interconnect requirement for voltages in the 220-230 
\Wc range apears to be adequately met by this coimector. 

The connector was originally designed for automotive use at 
a 12Vdc working voltage level. The simplicity of its design 
and its low cost made it an attractive candidate for this 
test. The corrector body is made by injecting a Nitrile 
rubber and PVC compound into separate male and female 
molds. The contacts are a staD^)ed co{^r -alloy tin-lead 
plate. The cost of a 4-contact mated-pair connector is 
approximately $1.25 in quwtities. 

The results indicate that the present production 
configuration while performing better than expected under 
environmental exposure still some problems. The Nitrile 
rubber. PVC ccn^pounU connectors were attacked harshly by the 
ozone and "V environments. The Ethyiene Propyleme Diene 
Monomer (EKM) connectors are not in production; however, a 
few sac^les were available for test. L) general, they 
perform^ better than the Nitrile rubber PVC. The ozone and 
UV did not significantly affect them. The contact 
resistance seeoied to increase more than the Nitrile rubber 
PVC cocxiectors when exposed to moisture. A new 
configuration with a longer wire entry barrel will provide 
added protection. The insulation resistance of the EPCM was 
outstanding. EETM connectors are not as resilient as the 
other connectors, as evidenced by some elongation of the 
wire entry holes, but this condition can be alleviated by 
prudent wire routing. 
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‘Thermal Performance Tleating and Malysls of Photovoltaic 
Madules in Natural Sunli^t. 

J. W. Stultz and L. C. Men 

Jet Propulsion Laboratory 

July 1977 

5101-31 

The electrical power output of photovoltaic solar cell 
modules is depe^ent upon ttie operating temperature of the 
cells, and deceases at a rate of approximately 0.5%^C 
with increasing cell teaperature. B^austi^ of this 
tenperature sensitivity, it is inqportant to understand the 
thermal characteristics of modules so that modules and their 
su{^rting structures can be designed to reduce cell 
temperature to the extent that it is cost-effective. An 
understanding of module operating taiperature 
characteristics is also necessary to allow accurate 
prtsdiction of module power output linder field operating 
conditions, and to allow accurate comparison of the field 
electrical p&rformance of alternate module designs. 

The activity described in this report was conducted 
throu^yxjt 1976 as a part of the Ehgineering Area of the JPL 
Low-cost Silicon Solar Array (LSSA) Project. At the start 
of the investigation, available data was limited on several 
key parameters necessary to design, predict, and compare the 
thermal-electrical performance of terrestrial flat-plate 
solar cell modules. In particular, the thermal performance 
of curr&it coomercially available modules was unknown and 
the thermal significance of the key environmental and module 
thermal parameters was not well understood. As a result, a 
combined study was undertaken to characterize types and, 
simultaneously, to develop a basic mderstanding of the 
important therma’ properties (environmental and 
module-related) that could guide future module developnents . 
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Module Efficiency Definitions, Characteristics and Exan^Ies 
R. Grippi 

Jet Propulsion Laboratory 

October 1977 

5101-43 

With the current trend toward lower module dollar -per -watt 
cost, present system studies are placing greater eophasis on 
module efficioicy since area-related costs become a greater 
portion of the system costs. The increased eo^hasis on 
module efficiency provides the need for establishing a 
standard method for specifying, comparing and discussing 
module efficiency. This report presents the definition of 
module efficiency and discusses the factors that comprise 
module efficiency. In addition, nunerous examples of module 
efficioocy factors are presented and discussed based on 
existing JK. large-scale procurements and research and 
development modules. Conclusions are drawn as to the 
maximm module efficiency possible with current technology. 
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Oivironmental Hall Model Fbr Assessing Risk to Solar 
Gollectorn 

Gonzalez, C. 

Jet Propulsion Laboratory 
Deceodjer 1977 
N-78-265A1 and 5101-45 

The probability of solar arrays being struck by hailstones 
of various sizes as a function of geographic location and 
service life was assessed. The study co^lenents parallel 
studies of solar array s^isltivity to hail damage, the final 
objective being an estimate of the most cost effective level 
for solar array hail protection. 
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Photovoltaic (bdule Design • Qualification, and Tasting 
Specification 

AUTH: Jet Propulsion laboratory 

March 1978 

DOE/JPL/1012-78/7A and 5101-65 

This specification establishes mininun design, qualification 
and acceptance requirements for terrestrial solar cell 
modules suitable tor incorporation in photovoltaic array 
applications in the 2G IcW to 500 kW range, sudi as defined 
by Department of Ehergy FRDA EM-D-04-0038. Both mandatory 
and recQcnmended requirement levels for selected performance 
criteria have be«i specified for modules witiiio these 
arrays, applicable, the manufacturer /contractor shall be 
responsible for generation and selection of appropriate 
design or test levels within the scope of these criteria. 
Specification of any additional requireoaents as necessary to 
satisfy the particular array or system application shall be 
the responsibility of the manufacturer /contractor . 
Ehvironmaital requirements imposed by this specification are 
considered to be the minimum level acceptable to DOE. Test 
procedures are detailed. 
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Thermal and Other Thata of RK>tovoltalc Modulea Performed in 
Natural &jnli^t 

J. W. Stultz 
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ABSTRACT: 


AUIH: Jet Propulsion Laboratory 

July 1978 

DOE/JPL-1012-78/9 - 5101-76 

The electrical power output of photovoltaic solar cell 
modules is deperKioit upcxi the operating temperature of the 
cells, and decreases at a rate of approximately 0.5% per 
witd) increasing cell temperature. Because of this 
tenperature sensitivity, it is inportant to mderstand the 
tliermal characteristics of modules so that modules and their 
supporting structures can be designed to reduce cell 
temperature to the extent that it is cost-effective. Ai 
understanding of module operating temperature 
characteristics is also necessary to allow accurate 
prediction of module power output under field operating 
conditions, and to allow accurate comparison of the field 
electrical performance of different module designs. 

The activity described in this report was conducted 
throughout 1977 and during the first half of 1978, as a part 
of Che Bigineering Area of Che JPL low-OosC Solar Array 
(LSA) Proi'»ct. This report is a follow-up of the first 
thermal report (5101-31; and covets all the thermal activity 
in this interim period. The bulk of the testing has beai 
the characterization of twency-nine loodules according to 
their nominal operating cell temperature (NOCT) and the 
effect on NOCT of dianges in module design, various 
residential roof mounting configurations, and dirt 
accuDulation . 

Ocher tests, often performed parallel with the NOCT 
measurements, evaluated the i^ovement in electrical 
performance by cooling the modules with water and by 
channeling the waste heat into a phase change material 
(wax). Electrical degradatior* resulting from the natural 
marriage of photovoltaic and solar water heating nodules was 
also demonstrated. Cost effectiveness of eadi of these 
techniques are evaluated in light of the LSA cost goal of 
$0.50 per watt. 
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M3ore» D. ; Wilson, A. 

Jet Propulsion Laboratory 
Octt^r 1978 

DOE/JPL— 1012-78/6 and 5101-62 

Ab part of the Jet Propulsion Laboratory's Low-Cost Solar 
Array Project, Test Methods have been evaluated and 
proc^ures developed for testing Riotovoltaic FLat-Plate 
Solar Cell Modules for resistaiK:e to impact by hailstones. 
Testing has included the use of simulatec; hailstones (frozen 
ice spheres projected at terminal velocity), steel balls, 
and other projectile types aj^lied with three loading 
metlKyls: Fneunatic gun, gravity drop, and static losing. 

Resulcs are presented that coopare the advantages and 
disadvantages of the three test methods. Dropped -steel -ball 
tests are shown to esdiibit little correlation with 
high-velocity ice-ball tests, whereas statically -loaded 
steel balls show a somewhat better correlation with ice-ball 
tests. Results are presented on the hail iiq>act strength of 
16 FLat-Plate Photovoltaic Modules. The module designs 
tested have been shown to be capable of withstanding as 
large as 1-1/2-indi diameter and not capable of withstanding 
as small as 1/2-inch diameter simulated hail. The top 
surface material of the modules has a dominant influence on 
the hail iinpact resistance of the modules. In order of 
Increasing impact strength for a given thicdcness, the top 
surface materials encountered in tt.d modules tested were: 
Qear silicone rubber, annealed glass, tempered glass, and 
acnrylic sheet. The critical failure mechanism of each 
module type is explored and meano for improving the hail 
resistance of future modules are describe. 


314 


TITLE: 


Bias-HinidiCy Ttoting of Solar Q»ll Hadulaa 
A. R. Hoffinan and E. L. Miller 


ALTIHOR: 
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ABSTRACT: 


Jet Fropulalon Laboratory 
October 1978 

DQE/JPL-1012-78/11 - 5101-64 

Hjnldity-related d^adation of solar cells and modules Is 
well from both space and terrestrial experience. 
Qjrrent hixnidity cycling tests being applied to flat plate 
modules (References 1, 2) are "survivar* tests, i.e., the 
modules are not operating » no illumination, no voltage, 
terminals short-circuited. A standard environmental test in 
the semiconductor industry is to si^Ject devices to 83^, 

85% relative humidity while imposing a voltage bias across 
the device (Reference 3) . A TV manufacturer in Japan found 
a positive correlation between mean time between failures 
(b^F) frcm an accelerated life test (TV set operating) at 
high temperature and hiejh humidity and MIBF from field 
conditions (Reference 4). The results indicated that for 
each hour of operation at 35^ and 95% relative humidity, 

Che manufacturer expected about 16.8 hours of operation 
under field conditions. Also, experienced people at JPL 
noted that widi an applied voltage -humidity co^ination 
using a grcHjnd plane the resulting electrolysis would 
accelerate Che deterioration of the insulating material. 
Furthermore, if a voltage gradient from cell to cell were 
applied, metal migration may be accelerated. Fbr these 
reasons, the feasibility and value for solar cell modules of 
a humidity test coohined with a voltage bias was an 
appropriate subject for research and development. 

The objectives of the bias-humidity efforts were: 

Develop testing procedures combining voltage biasing with a 
humidity cycle for the purpose of act^lerating failure 
mechanisms which may occur in long term field use. 

Define the bias-himidity tolerance of current photovoltaic 
module designs. 

Define desig^n changes associated with improving 
bias-hunidity tolerance. 

Determine value of bias -humidity testing as a mandatory 
qualification test. 

This report describes the results associated with these 
efforts. 
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Block IV Solar Cell Module Daaign and TteC Specification foe 
Intermediate Load Center Applications. 

Jet Propulsion Laboratory 

Noveober 1978 

DOE/JPL-1012-78/10, 5101-16, Rev. A 

This document establishes requirements for performance of 
terresterial solar cell modules intended for use in various 
test applications typically characterized as Intermediate 
Load Caters. During the 1979-80 time period, sudi 
applications are expected to be in tbe 20 kilowatt to 500 
kilowatt size range. In general, modules satisfying tiiese 
requiraLents will have the following design features and 
characteristics: 

1. 15.0 Vdc nominal operating voltage 

2. Ability to be series cocmected to operating voltages 
of 500 Vdc. 

3. Nominal length of 1.2 m 

4. Width fror. 0.2 m to 1.2 m in 20-aio increments 

5. Output power rated at the Standard Operating Conditions 

6. Flat plate configuration (non-concentrating) 

In addition to module design and performance requirements, a 
series of characterization and qualification tests necessary 
to certify the module design for production, and the 
necessary performance tests for acceptance of modules are 
also specified. 

Applicable Docunents 

The following doamentation is applicable to the extait 
specified: 

1. Military: MIL-STD-810 C, Ehvironmental Test Methods, 
March 10, 1975 

2. Energy Research and Development Administration: TM 73702, 
ERDA/NASA/1022 -77/16 '‘Terrestrial Photovoltaic 
Measurement Prodeaures," June 1977, Lewis Research 
Center, Qeveland, Ohio, 44135. 
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Block IV Solar Cell Module Dteig^ and Teat Specification for 
Residential Applications. 

Jet Propulsion Laboratory 

Noveober 1978 

5i01-83 

This specification provides near ■‘term desigp, qualification 
and acceptance requir«>(Qait8 for terrestrial solar cell 
modules suitable tor incorporation in photovoltaic power 
sources (/. kW to 10 kW) ai4>li^ single family residential 
installations. Requirement levels and recoomended design 
limits for selected performance criteria nave been specified 
tor modules intended principally for rooftop installations, 
(tidules satisfying the requiranents of this specification 
fall into one of two categories, residential panel or 
residential shingle, both meeting general performance 
requirements plus additional category peculiar constraints. 
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Low Cost Solar Array Pro^C. The Zaro Dapth Concentrator 



rTwRCniBnOCi • 

J. G. Mark and C. H. \felk 
Jet Propulsion Laboratory 
Ai^t 6, 1979 
5101-136 

The zero depth concentrator phenomenon, discovered by the 
General Electric Company, refers to the enhoicement of the 
solar cell electrical output due to internally reflected 
li^t from the white background of a glass covered solar cell 
array. Vfe have undertaken to describe this enhancement 
effect in terms of a series of basic models whidi yield an 
intuitive un^standing of the mechaniams and allow trade-off 
considerations of some design parameters. 
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TITLE: 


92 'DMhnical Rsadinesi Module DMigp and Hast 
•pacification * InCamediate Load Applications. 


CX3RFQRATE ALTH!: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE/JPL-1012-36 and 5101-138 

ABSTRACT: This dociment establishes the requireoants for the design 

and test of terrestrial solar cell modules for one phase of 
doe's Low-Qost Solar Array Project. Modules designed to 
meet this specification are intended to show that technology 
needed to meet the overall project goals for 1986 can be 
'sDoonstrated in 1982 for intermediate load applications. 
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Proposed Method for Determining the Thickness of Glass in 
Solar Collector Panels. 

D. M. Moore 

Jet Rropulsioo Laboratory 
March 1980 

DOE/JPL-1012-41 and 5101-148 

As part of the Jet Propulsion Laboratory's Low-cost Solar 
Array Project, an analytical method has been developed for 
determining the minimum thickness for simply su[^rted, 
rectangular glass plates subjected to uniform normal 
pressure environmental loads such as wind, earthquake, snow, 
and deadweight. The method consists of comparing an 
analytical prediction of the stress in the glass panel to a 
glass breakage stress determined from fracture mechanics 
considerations. Based on extensive analysis using the 
nonlinear finite elemait structural analysis program ARGUS, 
design curves for the structural analysis of singly 
supported rectangular plates have beai developed. These 
curves yield the colter deflection, center stress and comer 
stress as a function of a dimensionless parameter describing 
the load intensity. Results are included for plates having 
length -to-width ratios of 1, 1.5, 2, 3 and 4. The load 
range considered extends to 1000 times the load at which the 
behavior of the plate becomes significantly ncxilinear. CVer 
the load range analyzed, the analysis shows that the ratio 
of center deflection to plate thickness for a plate of 
length -to-width ratio of 4 is less than 70 to 1, whereas 
linear theory would predict a center deflection about 1200 
times the plate thickness. The stress is also markedly 
lower than would be predicted by linear theory. These 
analytical results show good agreement with the analytical 
and experimental work of others. 

A method of estimating the glass breakage stress as a 
function of a specified failure rate, degree of glass 
temper, design life, load duration time, and panel size is 
presented. Developnent of this method consisted largely of 
collecting and/or adapting, in convenieit form, the best 
available information from the literature. To establish the 
glass breakage stress versus probability of failure, the 
experimental data of other investigators has be«i reanalyzed 
to obtain a 'Lest-fit" Weibull statistical distribution. 

This state-of-the-art analysis yields the glass breakage 
strength as a function of failure probability. 
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FLat-Plate Photovo'^alc MDdule and Array Circuit Design 
Optimization Ubrksbc ) Proceedings. Ehgineering Area. 

stet Propulsion Laboratory 

Ifay 1980 

5101-170 

This document contains the proceedings of the Blat-Plate 
Riotovoltaic Module and Array Circuit design Optimization 
Vbrkshop held at JPL during May of 1980. The workshop was 
held to discuss the problem of optimizing terrestrial 
photovoltaic array cell and circuit reli^ility and the 
methods of resolving this problem. 

Certain fa-jlts are present in terrestrial photovoltaic 
modules, both at the beginning of life and tiirougjhout field 
experience. These faults occur as a result of mismatch of 
photovoltaic cell diaracteristics, both initial mismatch and 
mismatch caused by field ^vironm^tal stresses and 
maintenance procedures. They include op«i-circuit cell 
interconnects, cracked cells and cell shadowing. 

The objective of the workshop was to investigate the 
effectivmess of certain circuit-desigp strategies in 
aneliorating the effects of faults on module arxi 
array -system performance. A set of guidelines was presented 
for use in developing module and array-systan circuit design 
strategies that maximize reliability through use of 
fault -tolerant circuiting. For simplicity, the open-circuit 
cell interconnect failure mode was emphasized in the 
workshop. 

Cost and efficiency values presented in the proceedings are 
values accepted at the time of the workshop. All costs are 
in 1975 dollars. 
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Photovoltaic Module Soiling Studies Msy 1978 - October 1980. 
A. R. tbffman and C. R. Maag 
AUTH: Jet Propulsion Laboratory 

Noveober 1980 

DOE/JPL-1012-49 and 5101-131 

The retention of particulate contamination on the surface of 
flat-plate photovoltaic devices is adversely affecting 
electrical performance of outdoor -exposed modules. This 
report describes the results of an experimental study being 
performed by the Jet Propulsion Laboratory's low-Cost Solar 
Array Project to characterize and understkid the effects of 
outdoor contaminants on sensitive optical surfaces of 
flat-plate photovoltaic mcxlules and cover materials. 

Comparative electrical and optical performance data from 
photovoltaic modules and materials subjected to outdoor 
exposure at field test sites throughout tiie Lhited States 
have been collected and examined. The results show 
si^iificant time- and site-dependence. During periods when 
natural removal processes do not dominate, the rate of 
particulate contamination accunulation appears to be largely 
material-dependent. Glass and acrylic top-cover materials 
retain fewer particles than silicone rubber does. 
Side-by-side outdoor exposure testing for long duration is 
presently the most effective means of evaluating soiling 
differences between materials. Changes in spectral 
transmission as a function of time and location and limited 
scattering data are presented. 
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Low Gbst Solar Array ProjacC. DBCermining Twreatrial Solar 
Cell Reliability, ^oce^ii^ of Vbrkahop. 


OORFGRATE A17IH: 
EATE: 

REPORT NO: 
ABSTRACTS 


Jet Propulsion Laboratory 
N>veDiber 1980 
5101-163 

This docunent is an outgrowth of a workshop on 'Determining 
Terrestrial Solar Cell Reliability," wbidi was held May 1-2, 
1980, at GLemson Uhiversity, (Hemson, South Carolina. The 
workshop was organized jointly by the Jet Propulsion 
Laboratory (JPL) and CLeoson University, and was sponsored by 
the Low-Cost Solar Array Project (ISA) of the U.S. Department 
of Energy. 

The purpose of the workshop was the critical review of 
silicon solar cell test results from a reliability testing 
prograoB being carried out by Qemson University u^er 
contract to the Engineering Area of JPL/LSA. Since 1977 
CLemson has conducted experimental reliability investi^tions 
on more than 1000 unsncapsulated solar cells procured from 
Sevan photovoltaic irxiustry manufacturers. 

A total of 33 persons attended the workshop, representing 
fourteen organizations including private industry, national 
laboratories, and universities. This group of b^ic 
scientists, design engineers, and personnel Involved in 
quality assurance and module/array fieVd reliability 
participated actively in two days of workshop activities 
which included technical sessions, a tour of the test 
facilities, review of reliability test methods for solar 
cells, critique of test res*ilts, and moderated discussion 
sessions. The workshop provided a forun for productive 
discussion of various aspects of solar cell reliability by a 
broad spectrim of photovoltaic industry personnel. Mi^ 
valuable information was exchanged, and recoomendations were 
made regarding the validity of reliability data obtained to 
date and the direction in which future work should be 
channeled. 

Preparation of this docunent was a cx^llaborative effort by 
the Bigineering Area of the Low-Oost Solar Array Project, Jet 
Propulsion Laboratory, and the Departmait of Electrical and 
Computer Ehgineering, Clemscjn Uiiversity. Included are 
reproducticxm of graphic presentation materials and 
highli^ts of discussions related to solar c:ell reliability 
test methcxis. 

Inquiries regarding details of the contents or requests for 
exioitional information should be directed to Mr. E. L. Royal 
of JPL or Professor J. W. Lathrop of Clemson Uhiversity. 
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Low-Goat Solar Array Project. Block V Solar Cell Module 
Deaign and Tsat Specification for Intermediate load 
Applicationa 1981. LSA Qigineering Area. 

Jet Propula ion laboratory 

February 20, 1981 

5101-161 

Ihia docunent eatabliahea the requirementa for the deaign and 
teat of terrestrial solar cell modules for one phase of DOE's 
low-Gost Solar Array Project. Intermediate -load modules 
designed to meet diis specification will generally have the 
following design features and characteristics: 

1. Nominal Operating Vbltage (V^> between 5 Vdc and 20 
Vdc. 

2. Ability to be series -connected to worst-case open-circuit 
voltages of 1000 Vdc. 

3. Dimensions not exceeding 1.22 m x 2.A4 m (4 ft x 8 ft). 

4. Flat -Plate configuration (non-conc«itrating). 

5. Output power referenced to nominal operating conditions 
(NOG) and 

In addition to module design and performance requirements, a 
series of characterization and qualification test are also 
specified. 
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Block V Solar Cell Hxlule Design and Test Specification for 
Residential Applications - 1981. 

Jet Propulsion Laboratory 

February 1981 

5101-162 

This specification provides near-term design, qualification 
and acceptance requirements for terrestrial solar cell 
modules suitable tor incorporation in photovoltaic power 
sources (2 kW to lOkW) applied to single-family residential 
installations. Requirement levels and recomn^ed design 
limits for selected performance criteria have been specified 
for modules intended principally for rooftop installations. 
Modules satisfying the requirements of this specification 
fall into one of two categories, residential panel or 
residential shingle, both meeting general performance 
requirements plus adc.itional category peculiar constraints. 
Residential modules cesigned to meet this specification will 
generally have the following design features and 
characteristics : 

(1) . Nominal Operating Voltage (V^o) between 

5 Vdc and 20 Vdc. 

(2) . Ability to be series -ccnnected to worst-case 

open-circuit voltages of 300 Vdc. 

(3) . Mounting arrangement compatible with new or existing 

residences . 

(4) . Flat -plate configuration (non-ccxicentrating). 

(5) . Output power referenced to Nominal Operating 

Oonditions (NOG) and Yno* 

In addition to module design and performance requirements, a 
series of characterization and qualification tests are also 
specified. 
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Low Cost Solar Array Projact. Diterifli Standard for Safaty: 
Flat -Plata Photovoltaic Modules and Psnals. Volume I: 
Construction Requirsnanta. 

Jet Propulsion Laboratory 

F^uary 20, 1981 

5101-164, Vc'l. I 

Ihderwr iters Laboratories, Inc., under contract to the Jet 
Propulsion Laboratory (JPL), has conducted a study of present 
photovoltaic module array dasl^is and configurations likely 
to be used in residential, oomnercial, and Industrial 
applications. That investigation of engineering safety 
requirements has resulted in the develc^ment of this foterim 
Standard for Safety. 

‘Dtis document, primarily written by Ihderwr iters 
laboratories, Inc. (UL), is pid>llshed in two volunes. Volume 
I, Q^truction Requirements, contains safety requirements 
for flat-^late photovoltaic i^ules and panels. Volume II, 
Performance Requiremaits. contains test procedures and 
methods to verify coc^li^e with the safety requirements set 
fortt) in Volume I. 

The purpose of this documents is to offer to the flat-plate 
photovoltaics coDnunity, for trial use, this Interim Standard 
for Safety as part of JPL's Low-Cost Solar Array (LSA) 
Project. 

Volune I is intended to be used on a trial basis with the 
latest Blodc V Module Procurement Specifications for 
Intermediate Load and Residential ^^lications, 5101-161 and 
5101-162, respectively. This use will 8U{^)ort such things as 
future BK^ule procurements and module development activities 
sponsored by the U.S. Department of Boergy. 

Volume II contains test methods currently defined within the 
above module specifications together with additional tests 
under consideration by thderwriters Laboratories, Inc. 

Volume II is not int^ed for Imn^iate use, but is designed 
to serve as a focus for review and iteration of future tests. 

The results of feedbadc on these volumes will be submitted to 
UL for further refinement and ultimately for publication as a 
standard containing basic requirements for produxits covered 
by UL under its Fbllow-U^ Service. 
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Solar Array Structure Oavelopiient 
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OQRFGRATE Aimi: 
CATE: 
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A. H. Wilson 

Jet tVopulslon Laboratory 
June 1981 

DOE/JPL-1012-53 and 5101-165 

Early studies of flat-plate arrays have project costs on the 
order of $50 for installed array support structures. 

This report describes an optimized low-cost frara-truss 
structure that is estimated to cost below $25 
including all markups, shippir^ and installation. Ihe 
structure utilizes a planar frame made of meoDbers formed 
from lig^t -gauge galvanized steel sheet and is sui^iorted in 
the field by treated-wood trusses tbat are partially buried 
in trenches. Ihe buried trusses use the overburden soil to 
carry uplift wind loads and tinm to obviate 
reinforced-concrete foundations. Details of the concept, 
including design rationale, fabrication and assembly 
experiaice, structural testing and fabrication drawings are 
included. 
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Flat-Flate Solar Array Project. Interconnect Eatigoe Daaigp 
for Tiarres trial R)OtovoItalc Modules. 


G. R. Mk), D. M. Moore and R. G. Boss, Jr. 

Jet Propulsion Laboratory 
March 1, 1982 
5101-173 

Fati^ of solar cell electrical interconnects due to thermal 
cycling has historically been a major failure mechanism in 
photovoltaic arrays; ^e results of a coDqrehensive 
investigation of interconnect fatigue that has led to the 
definition of useful reliability-design and life-prediction 
algorithms are presented. Experimental data gathered in this 
study indicate that the classical strain-cycle (fatigue) 
curve for the interconnect material is a good model of mean 
interconnect fatigue performance, but it fails to account for 
the broad statistical scatter, which is critical to 
reliability prediction. Tb fill this shortcoming the 
clrssical fatigue curve is combined with experimental 
cumulative interconnect failure rate data to yield 
statistical fatigue curves (having failure probability as a 
parameter) which enable (1) the prediction of cifoulative 
interconnect failures during the design life of an array 
field, and (2) tdie unaDd>iguous — i.e., 
quantitative — interpretation of data from field-service 
qualification (accelerated thermal cycling) tests. 

Optimal interconnect cost-reliability design algorithms are 
derived based on minimizing the cost of energy over the 
design life of the array field. This procedure yields not 
only the minimum break-even cost of delivered energy, but 
also the required degree of interconnect redundancy and oi 
estimate of array power degradation during the design life of 
the array field. The usefulness of the design algorithms is 
demonstrated with realistic examples of design optimization, 
prediction, and service qualification testing. 
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Flat -Plate Solar Arvay Project. An Investigation of the 
Effect of l<Hnd OOoling on Photovoltaic Arrays. 

L. Men 

Jet Propulsion laboratory 

March 1982 

5101-201 

Cbnvective coolirK of photovoltaic module is investigated 
for different wind conditions, including steady-state 
controlled testing in a solar simulator and natural test 
environments in a field. Analytical thermal models of 
different module designs were used to correlate experimental 
data. The results obtained in the controlled environment 
confirm the applicability of existing beat-transfer 
correlations. The result of long-term field testing at the 
Jet Propulsion Laboratory test site is not conclusive because 
wind co^itions were measured at different heists than of 
the modules. Nevertheless, reasonable agreanent can be 
obtained by applying a power -law wind profile. 
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Final Raport. B^inaarlng Study of the Itxhila//rray 
Interface for large ’rnrreatrial Photovoltaic Arrays 
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ABSIRACT: 


Bed) tel National, Inc. 

954698 
July 1977 

®DA/JPL 95A698-77/1 

Bechtel Gotporation has conducted a study of several factors 
contributing to the design of photovoltaic panels and their 
interface with the array. The study's emphasis was on large 
arrays, with a 200 MU central station pow^ plant used for 
the baseline. Three major areas '-structural, electrical, and 
malntenance~were evaluated. 

Efforts in the structural area included establishing 
acceptance criterial for materials and mtobers, <tetermining 
loadit% criteria, and analyzing glass modules in various 
framing system configurations. Array support structure 
design was addressed briefly. Electrical considerations 
included evaluation of module characteristics, intermodule 
connectors, array wiring, converters and likening 
protection. Plant maintenance features such as array 
cleaning, failure detection, and module installation and 
replacement were addressed. 
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Final R^x>rt. Modula/Array btarfM Study. 

BMhtttl Nitional, btc. 

954698 

Ajgust 1978 

DOE/JH.-954698-78/1A 

BecbCttl Mitional, Inc. has contfajcced a study of altamata 
oochila, panel, ami array daai^is fw uaa in large scale 
applications such as central station photovoltaic power 
pints. The objective of the study is to idntify desin 
features that will lead to sdnisi^ pint coato. Several 
aapects of module deaigp are evaluated, including glass 
superstrate and metal substrate modid.e oonfiguratiorai, the 
potntial for hail damage, light ri>sorption in glass 
supnstrates, the eooncmics of glass selection, and 
electrical dnigp. 3 alternate glass sigMratrate module 
oonfi^atiora are evaluated by means of finite elesint 
computer analyses. 2 panel sizn, 1.2 by 2.4 m (4 by 8') 
and 2.4 by 4.8 m (8 by 16'), are used to suignrt 3 m^le 
sizes, 0.6 by 1.2 m (2 by 4'), 1.2 by 1.2 m (4 by 4*), and 
1.2. by 2.4 m (4 by 8'), for design loadir^ of about 1.7 
kRi (35 psf), 2.4 kBi (50 psf), and 3.6 kPa (75 psf). 
Dssins and cost nMmates are presnted for 20 panel types 
and 9 array configutv? ions at each of the 3 desin 
loadings. Structural cost sensitivities of comhined array 
configurations and pnel cases are presnted. 
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Rmm I: FImI Rtport. FMaibillty Study of Solar Dbm 
A^paulation of Ptetovoltaic Arrays. 

Zi nn i a naan, C. K. 

Boeii^ fiiginaaring and Qonatruction GO., SaaCtla, UA (USA) 
9S4833 

Daceober 1978 
D0E/JPL/9Si833-78/l 

Thiti rapori' dMcribaa a study «ibich invastigatad ^ 
potantial tachnlcal and aconGnic advantagas of using 
air*aupportad plastic ancloauraa to mtact flat plata 
photovoltaic arrays. Ooncaptual dasigjM for a fixad, 
latituda-tilt array and a fully tradcii^ array ware 
defined. Another progran provided much of the design and 
supmting analyses f^ the tracking array. Detail^ wind 
loam and strength analyses were parformsd fat the fixed 
array. Detailed thennal and power output analyses provided 
array perfommce for typical seasonal and extreme 
temperature oxnditions. Costs of eadi design as used in a 
200 MME central power station were defined from 
manufacturing and material cost estimates. The capital cost 
and cost of energy for the enclosed fixed-tilt array were 
lower than for dne enclosed tracking array. The encl<^ed 
fixed-tilt array capital investment was 38% less, and the 
levelized bus bar energy cost was 26% less than costs for a 
conventional, glass -encapsulated array desim. The 
predicted energy coat for the enclosed fixed array was 79 
mills/kw H for direct current delivered to the power 
conditioning units. 
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Final Report. Reaidant UI Riotovoltaic Nodule and Array 
RequiraDKnta Study 

Burt Hill Koaar Rittelmam Aaaociataa 

955149 

June 1979 

DOP./JPL 955149-79A 

Burt Hill Koaar Rittelnann Aaaociatea has conducted a study 
to identify design requireoients for photovoltaic modules and 
arrays used in residential ai^licatiora . Buildii^ codes and 
referenced standards were reviewed for their ai^licability 
to residential photovoltaic array installations. Fbur 
installation types were identified-integral (replaces 
roofing), direct Oaounted on t(^ of roofing), stmd-off 
(mounted away from roofing) . oxl r^ (for flat or low slope 
roofs, or ground oiounted). Inscallation costs were 
developed for these mounting Qfpes a function of 
panel/^ule size. Cost drivers were identified. Studies 
were performed to identify optimum module ^pes and sizes 
and operating voltage cost drivers. The general conclusion 
is that there are no peroeived major obstacles to the use of 
photovoltaic modules in residential arrays. However, t^re 
is no ai^licable building code cat^ory for residential 
photovoltaic modules and arrays wA early additional work is 
needed with standards writing orgmiizations to develc^ 
residential module a>d array requirements. 
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Final Report. Wind Loads on Flat Plate Ibotovoltaic Array 
Fields 

Ronald Miller 

Boeir^ Bigineering and Construction Gcxopany 
95^33 

Septeober 1979 
DOE/JPL 954833-79/2 

This report describes a theoretical study of the aerodynamic 
forces resulting from winds acting on flat plate 
photovoltaic arrays, local pressure distributions and total 
aerodynamic forces on the arrays are shown. Design loads 
are presented to cover Che conditions of array angles 
relative to the ground from 2CP to 6(P, variable array 
spacir^, a grou^ clearance ^p up to 1.1 m (4 ft) and 
array slant heights of 2.4 m C8 ft) and 4.8 m (16 ft). 
Several means of alleviating tiie wind loads on Che arrays 
are detailed. The expected reduction of the steady state 
wind velocity with Ae use of fences as a load alleviation 
device are indicated Co be in excess of a factor of three 
for some conditions. This yields steady state wind load 
reductions as much as a factor of ten centred to Che load 
incurred if no fence is used to protect the arrays. This 
steady state wind load reduction is offset by the increase 
in turbulence due to the fence but still an (derail load 
reduction of 2.5 can be realized. (Xher load alleviation 
devices suggested are the installation of air gaps in the 
arrays, block* ing the flow under the arrays and rounding the 
edges of the array. Included is an outline of a wind tunnel 
test plan to supplement the theoretical study and to 
evaluate the load alleviation devices. 
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Final Rqport. Study of Curved GS^sa Photovoltaic ttodule and 
Module uectrical laolation Desisi Requiremants 

Bechtel National, foe. 

954698 

Jia>e 1980 

DOE/JPL 954698-80/2 

Bechtel National, foe., has conducted a atudy to evaluate 
the technical fe^ibility and coat effectiveness of ojrved 
glass superstrate photovoltaic modules for use in large 
scale applications such as central station power plants. 

Ihe study also evaluated electrical insulation and isolation 
desigp considerations with regard to module encapsulation 
systems. 

Ibe desist of a 1.2 by 2.4 m (4 by 8 curved glass 
superstrate and support clip asse^ly is presented, along 
with the results of finite element conquter analyses and a 
glass indimtry survey conducted to assess die tedmical aid 
economic feasibility of the concept, fostalled costs for 
four curved glass module array configurations are estimated 
and compared with costs previously reported for cooqiarable 
flat glass module configurations. 

Electrical properties of candidate module encapsulation 
systems are evaluated along with present industry practice 
for the design and testing of electrical insulation 
systems. Electrical design requirements for module 
encapsulation systems are also discussed. 
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Final Report. FhotovolCaic Mgdule ELactrical 'Ssrmination 
Design R^uireoent Study. 

F. J. Mosna, Jr. and J. Dmlinger 

bbtorola foe. 

955367 

July 1980 

DQE/JPL-955367-80A 

The purpose of diis docun&'t is to provide additional 
details and information to supplement the data provided in 
die Ebcecutive Suranary. The document consists of Af^iendices 
2.0, 3.0, and 4.0 which address die major tasks of the 
project (criteria devel(^inent ; ranking; and 
results /conclusions, respectively) and ^ipendix 5.0, a 
series of mini-appei^ices addressing specific topics 
CQD^lementing the major task areas. 
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Final Report. C^ation and Maintenance Cost Data for 
Resid<>ntial P/V >1oduliMi /Panels 

Burt Hill Kosar Rittelmann Associates 

955614 

July 1980 

D0E/JPL-955614-80A 

Burt Hill Kosar Rittelmann Associates has conducted a stu^ 
to identify and estioiate costs associated witfi the operation 
and maintenance of residential P/V nodules and arrays. Six 
basic topics related to operation and maintenance to P/V 
arrays were investi^ted - General (Normal) Maintenance, 
Qeaning, Pmiel Replacement, Gasket Repair /Replacement, 
Wiring Repair /Replacement, and Termination 
Repair /Replacement. ‘Die effects of mounting types - 
Radc Mount, Stand-Off Mxmt, Direct Mount, and Dit^al 
Momt - and die installation/repl^anoit type - Sequential, 
fortial Interruption, and Indepaident - have been identified 
and described. Recoomendation on methods of reducing 
maintenance costs have been made. 
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Quarterly Report. A Program to Develop Eleaients of a 
(Pliability Design GUiddxx4r for Flat Plate Photovoltaic 
Mcxlules /Arrays 

I IT Research Institute 

955720 

October 1980 
DOE/JPL 955720-80/1 

The objective of the overall IITRI support study is to 
provide and/or develop engineering-oriented reliability 
data, guidelines, procedures and tediniques to serve as 
elements of a reliability design guideb(X)k on terrestrial, 
low-cost, photovoltaic (FV) modules /arrays. The approach 
being used in this support study is to first initiate an 
on-going reliability «)gineering data base and then develop 
and validate design guidelines that can be used by the 
photovoltaic industry to build reliability into their 
products most cost effectively. 

Meeting the objective will involve accomplishment of at 
least the following five sub-tasks: 

Sub-Thsk 1) - Aialyze available flat plate photovoltaic 
field and test data (P/FRs) to obtain an initial reliability 
engineering data base. 

Sub-Task 2) - Formulate guidelines for appropriate 
reliability analysis methodologies (for ex.'icple, reliability 
allocation generation and validation, etc.) 

Sub-Tbsk 3) - Develop methods to establisn failure rates for 
PV modules 

Sub-Tbsk 4) - Develop methods to establish material and 
module component failure rates 

Sub-Task 5) - Develop methods to determine and assign 
failure rate and degradation modifying factors and formulate 
an analysis tool for assessing the reliability /life 
potential of photovoltaic module 
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Final Report. Safety axi Liability Cons i(tecat ions for 
Photovoltaic lixiules/Banels 

Medcer, D. 6. and Ueinstein, A. S. 

Camegie-Mellon Ihiversity 

955846 

January 1981 

DOE/JPL 955846-81/1 

Ihe concept of product liability implies that a manufacturer 
is responsible to the consumer for prodixrts tiiat are not 
reason^ly safe. Recently, oonsuDoers have become more aware 
ttiat manufacturers could be liable for harm incurred by a 
consuner while using tiieir products. Evidence of tiiis 
awareness can be seen by the increase in product liability 
suits and sizes of awards in recent years. Clearly this 
presents a problem for the manufacturer. Not only must the 
product be reliable and safe for its intended purpose, but 
it must also be safe for foreseeable misuse. 

This preliminary report explores product safety and product 
liability consideraions for photovoltaic module/array 
devices. The purpose of this study is twofold— first to 
give an overview of legal issues as they a[^ly to design, 
manufacture and use; second, to suggest a methodology to be 
used during design of a photovoltaic module /array to 
minimize or eliminate perceived hazards. This study does 
not attempt to answer any of these questions in detail, but 
only to pose them so as to stimulate consideration of this 
area. The questions raised in this study can only be 
answered through future efforts in concert with the 
manufacturers . 
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Annual Report. Investigation of Reliability Attributes and 
Accelerated ^ess Flictora on Terrestrial Solar Cells 

J. L. Prince and J. W. Lethrop 

QeDBOn University 

954929 

January 1981 

DOE/JPL 954929-81/8 

Vbrk covered in this report represents a portion of Uie 
third year's effort of a continuing program to determine the 
reliability attributes of terrestrial solar cells. Major 
effort during this reporting period was devoted to two 
tasks: I) improvement of the electrical measurement 

instrimentation through the design and construction of a 
microcomputer controlled short interval taster, and 2) 
better u^erstanding of second quadrant bdiavior by 
developing a mathematical model relating cell temperature to 
electrical characteristics. In addition some preliminary 
work is reported on an investigation into color cdianges 
oteerved after stressing. Uhile ti;)e accelerated stressii^ 
of various cell types is continuing, no new results of this 
activity are presented in this report and reader is referred 
to earlier reports for ttie latest available docimenttion . 
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Final Re]x>rt. Wind Loads on FLac Plate Rx>tovoltaic Array 
Fields 

Ronald Hiller 

Boeing Bigineering and Construction Gcoq>any 

954833 

April 1981 

DOE/JPL 954833-81/3 

This report presents the results of an experiaental analysis 
(boundary layer wind turaiel test) of the aerodynamic forces 
resulting from winds acting on flat plate photovoltaic 
arrays. Local pressure coefficient distributions and normal 
force coefficients on the arrays are shown and conq>ared to 
theoretical results. Parameters that were varied when 
determining the aerodynonic forces included tilt angle, 
array separation, groind clearance, protective wind 
barriers, and the effect of the wind velocity profile. 
RecomnaKied design wind forces and pressures are piresented, 
which envelop the test results for winds perpendicular to 
the array's longitudinal axis. 
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Quarterly Report No. I. Integrated Beeidential RK>tovoltaic 
^ray Development 

AIA Researdi Gorporation 

955893 

April 1981 

DOE/JPL 955893-81/1 

*0118 first quarterly report on a contract to develop an 
optimal integrated residential photovoltaic array deacribea 
sixteen conceptual designs produced by eig^t teams. Each 
design concept was evaluated by an in^try advisory panel 
using a comprdiensive set of technical » economic and 
institutional criteria. Kay electrical and mechanical 
concerns that affect further array sub-system development 
are also discussed. 

Three Integrated array design concepts were selected by the 
advisory panel for further optimization and development. 

FVom d)ese concepts a single one will be selected for 
detailed analysis and prototype fabrication. The three 
concepts selected are the following: 

An array of frameless panels Modules sealed in a "T" shaped 
zipper locking neoprene gasket grid pressure fitted into an 
extruded aliminun charnel grid fastened across the rafters. 

M array of frameless modules pressure fitted in a series of 
zipper locking EPCM rubber extrusions adhesively bonded to 
the roof. Series string voltage is developed using a set of 
integral tongue connectors and positioning blocks. 

M array of frmneless modules sealed by a silicone adhesive 
in a prefabricated nid of rigid tape and sheet metal 
attached to the root. 
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Rmm IV: FIimiI Report. Wind lAids on FUC Plate 
Ibotovoltalc Array Fields. (Nonsteady Wtods) 

Ronald Miller, Donald K. Zl c merman 

Boeing B^ineering and Construction Gcoapany 

95^33 

August 1981 

DOE/JPL-954833-81/4 

This report presents die results of a cooblned experimental 
(wind tumel test results) aid theoretical analysis 
utilizing random harmonic analysis tecniques to predict the 
dynanic r^ponse and the structural dynamic loads of flat 
I^ate photovoltaic arrays due to wind turbulence. 

Guidelines for use in predicting the turbulent portion of 
the wind loading on future similar arrays using the results 
cf this study are presented. 
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Final Raport. Goamercial/Induitrial Riotovoltaic Hadcla and 
Array RequlrfloiBnC Study 

Burt Hill Kosar Rittelmain AasociatM 

955698 

Deceober 1981 
DOE/JPL 955698-81/1 

Burt lUl] Kosar Rictalmnn Associataa has conducted a study 
to identify <k»sign requirements for photovoltaic modules ^ 
arrays used in comaercial and Incfajs trial applications. 

Building codes and referenced stmidards were reviewed for 
their applicability to cocmercial and industrial 
photovoltaic array installation. R>ur general installation 
types were identified - integral (replaces roofing), direct 
Onounted on top of roofing), stand-off (mouited away from 
roofing), ffixi rack (for flat or low slope roofs, or ground 
mounted). Each of the generic mounting types can be used in 
vertical wall mounting systems. Installation costs were 
developed for these mounting types as a function of 
panel/module size. Cost drivers were identified. Studies 
were performed to identily (^timun module shapes and sizes 
and operating voltage cost drivers. 

As some obstacles could make FV extremely costly, this 
report makes reccoioendations to the FV i^ustry whid) will 
facilitate a more successful product entrance into the 
building industry. 
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Final Raport. LnCagratad Residential Photovoltaic Array 
Develcponit. 

Geiaral Electric 

P55894 

Decedher 1981 
D0E/JPL-95589A-A 

An advanced, universally -mountable, integrated residential 
photovoltaic array concept has been defined based upon an 
in-depth formulation and evaluation of three candidate 
a(^ro3ches which were synthesized from existing or proposed 
residential array concepts. 

fost residential photovotaic array concepts emphasized the 
mcxlule as given. This study addresses the next level of 
detail by considering the in^ct of module circuitry and 
process sequence, and by identifying technology gaps and 
performance drivers associated with residential photovoltaic 
array concepts. The actual learning experience gained from 
the comparison of the problem areas of the hexagonal shingle 
design wi^ the rectan^lar module design has led to what is 
considered an advanced array concept. Building the 
laboratory mockup provided actual experience and die 
o(^rtunity to uncover additional technology gaps. 
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Final Raport. Bypass Diode Integration 

Qmeral Electric 

955894 

Decaidber 1981 
DOE/JPL 955894*5 

Thia report suonnarizes the results of a bypass diode 
integration study which was conducted as part of the 
"Integrated Residential Photovoltaic Array Developakant" 
effort. The study involved research into protective bypass 
diodes and mounting configurations which are ai^icable for 
use with photovoltaic modules having power dissipation 
reoulremants in the 5 to 50 wact ranm. Using W silicon 
ana Schottky diode characterization data on packaged diodes 
and diod^ ^ips, typical diodes were selected as 
representative for each range of current carrying capacity » 
an appropriate heat dissipating mounting concept along with 
its environmental enclosure was defined, and a thermal 
analysis relating Junction temperature as a function of 
power dissipation was performed. In addition the heat 
dissipating mounting device dimensions were varied to 
determine the effect on Junction temperature. The results 
of the analysis are presented as a set of curves indicating 
Junction teo^Mrature as a function of power dissipation for 
each diode package. 
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low Oost Silicon Solar Array Piojecc Operations Task. Solar 
Cell Module Berformance, Ehvironmental Test, Handling, 
Storage and Lispection Pro:^ure. 

Jet Propulsion Laboratory 

July 27, 1976 

5101-6 

This docunent covers the procedures for performance 
evaluation, enviromental resting, handling, storage and 
inspection of sample solar coll modules form the 40 KW 
procurement . 

The tests to be conducted are shown on Fig. 1. There are 
four sets of tests cj be performed, each on a different set 
of modules, design^ ed Sets A, B, C, end D. Set A modules 
will be subjected o "he same environments that the 
contractor will perform — thermal cycling and hunidity. 
Electrical perrotmance measurements will be made before and 
after each environmental exposure. Set B will subject a 
different set of modules to other terrestrial 
environmoits— hunidity /freezing, rain/heat, and salt fog. 

Set C modules will be subjected to an environmait favorable 
to fungus growth to determine suitability for use in certain 
moist, tropical areas. Set D modules will undergo a field 
test at a local site for various time {.eriods interrupted by 
performance evaluations. 

Set A tests, thermal cycling and hunidity, will be performed 
in Building 144. Test flow and test durations for Set A 
modules are shown in Fig. 6. 

This docunent contains test procedures for only set A tests 
at tiiis time. Procedures for Set B, Set C, and Set D tests 
will be generated in the near future. 
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Sunmary Results of Block I (46 kW) Module Testing 

J. S. Qriffitb and S. G. Sollodr 

Jet Propulsion Laboratory 

^fey 1977 

5101-27 

This report documents the test procedure and tiie results of 
testing the modules procured by JPL under Block I. Included 
are tabulations of module features and performance data, 
descriptions of the variety of exploratory tests, a sunnary 
of the analysis of problems and failures and a sunnary of 
conclusions and reccmnendations . 
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L5SA Field Ttot AcClvit 7 System DMcrlptlon 
Jet Propulsion laboratory 
August 1977 
5101-39 

The purpose of tbls memorandun is to provide details of the 
current status and plans of the Field Testing Activity. An 
attemf>t has been made to incorporate into these plans the 
capability of being responsive to tbe changing needs of the 
Project. This has, hopefully, been acoooplished by not only 
recognizing near-term requirements but also by providing 
imbedded flexibility in the structure of the Activity. 

The objectives of the A:tivity are to: 

1. Obtain high quality continuous performance field data 
on a limited quantity of nodules. 

2. Ttack module degradation to provide a base for the 
development of endurance projection te^iques. 

3. Develop improved in-situ diagnostic testing tools 
and analytical techniques. 

4. Provide confirmation data for qualification testing. 

5. Provide real -time/real -weather facilities for general 
Project use. 


355 



TITLE: 


AUmOR; 

OORPOR.'^IE ALTIH: 
DATE: 

REPORT NO: 
ABSTRACTS: 


HLinidlt 7 and Tenperature Cycling Taata of Spectrolab Solar 
Cells 

J. S. Griffith 
Jet Propulsion Laboratory 
Septeoober 1977 
5101-42 

Seventy-twj new Spectrolab evaporated contact solar cells 
and eight older Proems A printed cont£K:t cells were tested 
at JPL to determine if the former would be a suitable 
replacecoait for the older type in production solar modules. 
Cells were divided into three lots: one lot received 

hunidity exposure, the second lot humidity and temperature 
cycling, and the third lot was held out for control. 

Results indicate Chat the newer evaporated contact cells are 
much superior to the older cells based on electrical tests 
and mechanical tab pull tests. Rill tests of soldered tabs 
on the contacts were inconclusive. This can be attributed 
in the case of Che evaporated contacts to difficulties in 
soldering tabs to the cells. 
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M. I. Sbokler 

AUIH: Jet Propulsion Laboratory 

October 1977 
5101-36 

The program of the Low-Cost Silicon Solar Array (LSSA) 
Project includes a series of competitive procuranents of 
production quantities of solar cell modules. The objectives 
of this procurement effort are to stimulate reduction in 
manufacturing cost and to provide modules for test of solar 
cell arrays in practical applications. 

The first in this series of procurements, designated Block 
I, included the purchase from five contractors of a quantity 
of modules having a total nominal power output of about 58 
kilowatts. These Modules were procured to the contractor's 
specifications as a means of ascertainting the 
state-of-the-art of terrestrial solar cell modules and of 
providing modules for early test and applications programs. 

Block II, the second in the series of procurements, involved 
purchase of 123 kilowatts of total per er capacity from four 
contractors. Block II introduced a degree of 
standardization by defining the module design specifications 
and by providing for a design qualification test program. 

The purpose of this User Handboc^ is to supply engineering 
data necessary for planning or investigating application 
programs utilizing the Block II modules. Anyone requiring 
additional technical information should direct his request 
to Mr. Larry N. Dunas, LSSA Project Operaticxis Manager, at 
the JPL. 
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LSSA Project T]Mk Report. Literface Mnuigeoiant Plan for 
l^odc III Solar Cell Modules in Field Tbst and Af^licatioM . 

Jet Propulsion Laboratory 

Decenter 1 , 1977 

5101-48 

This plan is intended to provide clarification for the user 
regarding responsibilities and inter faces of JPL and Block 
111 module users. Questions regarding the interpretation or 
utilization of toese guidelines should la referred to the 
LSSA Operations Manager or Project Office. Tte provisions 
herein apply to modules procured by the Jet Propulsion 
Laboratory (JPL) for tiie Department of foergy (IX^) during 
1978 in the following quantities, hereafter referred to as 
Block III. 


ARO) Solar, Inc. 35 kW 
Motorola, Inc. 50 kW 
Sensor Tfechnology, Inc. 40 kW 
Solar Rower, Inc. 40 kW 
Solarex, Inc. 30 kW 


The Blodc III Modules are being proaired by the Large-Scale 
Production Task of the Lo»7-Gost Silicon Solar Array (LSSA) 
Project. The Block III procurement sui^xnrts the project 
objective to increase manufacturing capacity and reduce the 
price of solar cell modules and to provide nxxlules for test 
and application projects sponsored by the Departmoit of 
Qiergy. 
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MeasurtnenC of Solar and Simulator Ultraviolet ^tectral 
Ir rad lance. 

R. S. Estey 

Jet Propulsion Laboratory 

March 1978 

5101-58 

This report presents in suoomary form the intensity and 
spectral characteristics of the sun and various engineering 
sources of radiation relevant to the operation and testing 
of photovoltaic cell arrays and presents a description of 
the characteristics and operation of a spectroradiometer 
system de'^eloped to measure and docunent die radiation from 
the source of interest. Sun and other source measurements 
support durability studies of external surfaces exposed to 
sun and weather. These studies are a part of tiie LSSA 
program to develop low cost and long life solar cells. 

This report discusses the characteristics of sun and sky 
radiation, the ultraviolet from the solar simulators, the 
details of the ultraviolet spectroradiometer system and 
field measurements. 

In the selection of terminology and of units, this report 
follows the latest practice and uses System International 
(SI) units and the preferred choice of decimal multipliers 
(Ref. 1-1). For the purpose of this report we are primarily 
concerned with the radiant flux incident on a surface or 
passing through Che location which such a surface 
represents. The flux density, i.e., flux/unit area, is 
termed irradiance with the symbol, E, and the units 
milliwatts centimeter when the spectral irraJiance is 
mtisured, t^e wavelength unit, nanometer, and symbol, E (x), 
are used. The spectral irradiance at wavelength, X , is 
sycGbolized as E (X) with the uiits (as customarily 
abbreviated), nW cm"2 nm"l. The above dxxice of units 
and symbols conforms to the SI system and represents the 
best current practice. 
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LSA Field TBSt Annual Report, August 1977—August 1978 
Jaffe, P. 

Jet Propulsion laboratory 
September 1978 

DOE/JPL/1012-78/12 and 5101-85 


ABSTRACTS: The status of field testing of photovoltaic modules at sites 

operated by JPL is updated. This includes a description of 
the fields and the modules deployed therein at JPL, Table 
MocRitain. Goldstone and Point Vicoite, all in California. 

The hardware and software in the data acquisition system are 
discussed as well as the testing procedures. The effects of 
electrical degradation, physical change and dirt 
accumulation on nodules at the JPL site are reviewed, and a 
simnary of the experiaice at the remote sites is recoiaited. 
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AccepCam:e/BeJcction Ci iteria for JFL/LSA Madiilas. 

U. E. Bishop and K. J. Anhalt 
Jet Propulsion laboratory 
Noveisber 3, 1978 
5101-21, Rev B. 

The objective of this dociment is to ratablish the basis for 
the viorkmanship inspection criteria which are to be written 
and made a part of the Inspection System Plan used in the 
production of solar cell modules procured for the JPL 
low-Oost Solar Array Project. The criteria, terminology, 
and illustrations are derived from the details of specific 
module designs. It is understood that the criteria 
presented herein may not be applicable to certain module 
design'*ii And that other module desims will contain features 
which require criteria not presented in this docuonent, but 
which must be included in the operational Inspection System 
Plan. 
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Low Oost Solar Array Project. Quality System Requirements 
for Flat Plate Solar Photovoltaic ^tems: General 
Specification. 

G. biskeep and K. Anhalt 

Jet Propulsion Laboratory 

5101-97 

Ihis specification covers the quality system requirements for 
flat plate solar photovoltaic systems. It includes a 
definitive outline of quality-oriented activities to be 
pursued by the contractor to assure tiie physical and 
operational quality of delivered hardware. Ib the greatest 
extent possible, the contractor's existing quality and 
inspection programs shall be used to minimize changes to an 
acceptable operating quality system. 
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Solar Cell Module Problem/Failure Reporting Procedure 
Operations Area 

AUIH; Jet Propulsion Laboratory 
January 1979 
5101-26 REV A 

The problem/failure reporting system is described, and 
detailed instructions are provided for the initiation, 
review and clcseout of Problem/Riilure Reports (P/PRs). 
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Ehviromiental Testing of Block 11 Solar Cell Mcxiules 
Qriffith, J. S. 

Jet Propulsion Laboratory 
January 1979 

DOE/JPL/1012-79/1 and 5101-98 

The results of envirocmental tests of Block II solar modules 
are described. Blodc 11 was the second large scale 
procuremait of silicon solar cell modules made by tiie JPL 
Iow-(jost Solar Array Project with deliveries in 1977 and 
early 1978. The results of testing showed diat the Blodc II 
oiodules were greatly improved over Block 1 modules. In 
several cases it was shown that design improvements were 
needed to reduce environooental test degradaflon . These 
ioDprovements were incorporated during this production rixi. 
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ABSTRACT: 


M. I. Snokler 

Jet Propulsion Laboratory 

February 1979 

DOE/JPL-1012-79/6 - 5101-82 

The program of the Low-Cbst Solar Array (LSA) Project has 
included a series of competitive procurements of production 
quantities of solar cell modules. The objectives of this 
^ocurement effort were to stimulate reduction in 
manufacturing cost and to provide modules for test of solar 
cell arrays in practical applications. 

The first in this series of procurements, designated Blodc 
I. included the purdiase from five contractors of a qufflitity 
of modules having a total nominal power output of 
approxinntely 58 kW. These modules were procured to the 
contractors' specifications as a means of ascertaining the 
state-or-the-art of terrestrial solar cell modules and of 
providing modules for early test and applicatitxis programs. 

Block II, the second in the series of procurements, involved 
purchase of 123 kW of total power capacity from four 
contractors. Block II introduced a d^ree of 
standardization by defining the module design specifications 
and by providing for a design qualification test program. 

The Block II nrdules are described in JPL docuoent 5101-36, 
"User Handbo(^ for Block II Silicon Solar Cell Modules." 

Block III, the third in the series, consisted of procurement 
of a nominal 205 kW of total power capacity from five 
contractors. The design specifications were essentially the 
same as for Block II. As no design or developmoit was 
pennittea ui-ider the contracts, only designs which previously 
had been qualified by JPL were eligible for Block III 
contracts. 
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Module Perfotnance ABsessoenC; Laboratory and Field 
ftiviroment 

P. Tbou and D. Schwartz 
AUTH: Jet Propulsijn Labor atxiry 

March 1979 

DOE/JPL-1012-23 and 5101-96 

This report examines several met^Kxis that can be used tx> 
assess the performance of solar modules in a terrestrial 
environment. The report presents results titat are derived 
from extensive laboratcx'y and field measurements cxi four 
Solarex Biergizer tnodules. The major thrusts of this study 
are 1) an analysis of the I'V curve translation model that 
is currently being imed to correct field and laboratory 
measurements for teo^ierature and solar insolation 
variations, and 2) a characterization of module performance 
parameters as functions of solar insolation ^ 
temperature. A(^lications of the above te<hnl^Jes to the 
assessment of p^formance degradation due to dust in the 
field environment are report^. 
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Biviromantal Testing of BLock III Solar ObII Hodulea. Part 
1: Qualification Testing of Standard Production Modules. 

John S. Griffith 

AUTH: Jet Propulsion Uboratorv 

September 1979 

DOE/JPL-1012-30 and 5101-134 

This report describe the results of qualification tests of 
Block III solar modules. Block III was the third 
large-scale procurement of silicoit solar cell modules made 
by the JPL Low-cost Solar Array Project; the qualification 
m^ules were delivered in 1978. Block 111 modules continue 
to show improvements over Block 1 and Block II modules. 

Cell cracking and delanination are less prevalent, and 
interconnect problems and electrical degradation from 
environmental testing are now rare. 
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ISA Field Test Annual Report August 1978-August 1979. 

P. Jaffe 

AUIH: Jet Propulsion Laboratory 

December 1979 

DOE/JPL-1012-38 and 5101-141 

In tlie course of three years of testing no evidence has 
resulted to suggest that the twenty -year -life goal for 
photovoltaic modules will not be met. Results of studies of 
more than 600 modules under test show that they are 
generally enduring well both electrically and physically, 
particularly those frcm more recent procurements. 

Degradation tests performed at JPL indicate that electrical 
degradation is not a slow monotonically increasing 
phenomenon as originally titought but occurs abruptly as the 
result of some traunatic evait. This finding has led to a 
change in the test philosophy. The report includes a 
discussion of this change, a simnary of degredation and 
failure data from all the sites, results from a variety of 
special tests, and a description of new instrimmitation for 
in-field measuranents , The field testing activity was 
expanded by the addition of twelve remote sites located as 
for away as Alaska and the Canal Zone. A description of the 
new sites is also included. 
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Roger S. Estey 

AUTH: Jet Propulsion laboratory 

May 1980 
5101-153 

Radiometer data for 1976 have been extracted from ongoing 
measuremoits made at die Goldstone TY^acking Station and are 
presented in Tables and Graphs displaying values of direct 
and global solar energy. 
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LSA Field Test Acmual Report August 1979-August 1980 
Peter Jaffe 

Jet Propulsion laboratory 
Decaiber 1980 

DOE/JPL-1012-52 and 5101-166 

After almost four years of endurance testing of photovoltaic 
modules, no fundaopimtal life-limiting mechanisms have been 
identified that could prevent the twaity-year life goal from 
being met. The endurance data show a continual decline in 
the failure rate with each new large^cale procurement. 
Cracked cells and broken interconnects continue to be the 
principal causes of failure. Although the modules are more 
adversely affected physically by hot, himid environments 
than by cool or dry environments, there are insufficient 
data to correlate failures with environment. There is 
little connection between the outward physical condition of 
a module and changes in its electrical performance. 
Electrical degradation is a transient condition that is 
generally intermitt*int and is present before a module 
destined to fail finally fails. Analysis of year-long 
electrical performance data indicates that the fill factor 
is insensitive to most measurement problems and ranains the 
best diagnostic tool for determining module degradation. 
Investigations at the JPL site reveal that shadowing the 
indirect component of irradiance can reduce the electrical 
output of modules and result in anomalous performance data. 
Extrapolating this result to arrays suggests that a loss of 
power can result if indirect shad^ing is not considered in 
the array layout. The introduction of the Portable I-V Ehta 
Ingger was a success. About 1200 high quality I-V curves 
were obtained during a tour of the 15 remote sites. Next 
year a major reorganization in the inventory of test modules 
is planned. A significant portion of the older modules will 
be removed and replaced with modules from the upcoming Block 
IV large-scale procurement. 
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The Correction for Spectral Miamatcb Effects on the 
Calibration of a Solar Cell When Using a Solar Simulator. 

Clay H. Seaman 

AUTH: Jet Propulsion Laboratory 

January 1981 

DOE/JPL-1012-50 and 5101-169 

A general expression has been derived to enable calculation 
of the calibration error resulting from simulator -solar AMX 
spectral mismatch and from reference cell -test cell sp^tral 
mismatch. The information required includes the relative 
spectral response of the reference cell, the relative 
spectral response of the cell under test, and the relative 
spectral irradiance of the simulator (over the spectral 
range defined by cell response). The spectral irradiance of 
the solar AMX is assuned to be known. 
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FSA Field Tsst Annual Report - Ai^uat 1980 - August 1981 
P^ter Jaffa, Robert W. Vfeaver and Robert H. Lee 
AUIH: Jet Propulsion Laboratory 

December 1981 

DM:/JPL-1012-59 and 5101-197 

A con^jlete restructuring of Flat-Plate Solar Array Project 
field-test activity was done during the past year ; its major 
elecmt was redirecting emphasis away from collecting 
endurance data and toward the early identification and 
analysis of fundmnental module prc^lems. Tb support this 
shift and to acccnmodate an exp^ted reduction in 
resources: (1) the 12 Continental Remote Sites have been 

decommissioned; (2) testing has been consolidated into a 
five-site network consiting of ^e four Southern California 
sites and a new Florida site; (3) 16 kW of new 
state-of-the-art modules are being deployed at die five 
sites; (4) testing of the old modules is continuing at die 
Ooldstone site but as a low-priority item; (5) die major 
thrust of the new emphasis— early problem detection— will be 
accomplished by array testing of m^ules at the JPL site; 

(6) additional new testing capabilities are being added to 
the JPL site, which will elevate its operations to those of 
a field test laboratory for the simulation and investigation 
of real -use problems and the development of improved testing 
techniques; (7) a new key instri'^ sit is being fabricated, a 
versatile battery-powered array data, Ic^er, which will 
permit in-field diagnoses of arrays as large as 40 amperes 
and 400 volts. Restructuring is prc^essing on schedule. 

A final set of failure and degradation data was obtained 
from die modules at the Southern California sites before 
they were relocated at Goldstone. The mean composite 
failure rate for all the modules (Blocks I, II and III) over 
the rast five years is 2.0 percent per year. Considering 
tiie final two years only, the rate is 4.4 percent, 

8uggestir.g a significant upward troid with age. 
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Solarex Corporation 
954341 
April 1976 
ERDA/JPL-954341 

As part of JPL Contract No. 954341 'Mitre Solar Ehergy Tfest 
System Evaluation", the Solarex Corporation is to perform 
Failure and Degradation Ana^ses on not more than diree of 
the 136 Solarex Ihipanels in Mitre's 859 Matt (peak) 
solar array. This report details the observations and 
experiments performed on the two such Uiipenels already in 
Solarex 's possession. 

Individual Ibipanels are the basic "building blocks" in die 
asseonbly of the 50 Matt (peak) modules that ccmprise the 
Mitre array. These panels were rated by Solarex to deliver 
a minimun of 6 Matts (peak) and were so arranged in groups 
of eight to deliver 50 Matts (peak; ler module. 

The two Uhipanels that are the subject of this report were 
received from the Mitre Corporation in August 1975. These 
two panels subsequently labeled 'Mitre A^" and Mitre 
A 2 ", were described by Mitre officials at that time as 
"operational" (Aj^) and "open" (A 2 ). 
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Final Report. EEibrication, Test, and Delivery of 8 kw of 
Solar Poimr ^bdule8. Large Scale Production Task. 

Sensor Tfechnology, Inc. 

954387 

15 October 1976 
ERDA/JPL/954387-76/1 

Througb this contract, and tbe cooperative program resulting 
frcxa the JPL-ERDA-NASA Low Cost Silicon Solar Array Project, 
Sensor Technology has produced oxxlules at the rate of 3.5 kw 
per month with a power output of 83.2 watts per 4' x 4' 
array. These modules were produced at a cost of $19.07 per 
watt. Ttie production techniques of ^is program make it 
easily possible to expand this to the 10 to 15 kw per month 
range and methods were developed by which future costs may 
be reduced by 15 to 30%. TWo inch diameter cells were used 
on this project, however, facilities now exist to process 3 
inch, 3.56 inch and 4 in^ dianeter wafers. The module 
design, performance, cost factors, problem areas, 
efficiency, encapsulation, and hunidity and temperature test 
results are reported. 
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Final Report. Large Scale Production Task of the Low CcMt 
Silicon Solar Array Project. 

Spectrolab, Inc. 

BQ-6A9005 

Decedt>er 1976 

ERDA/JPL-BQ-649005-76/1 

2000 solar power modules capable of producing over 10 IrW of 
peak power were delivered. These modules have good 
structural and thermal dissipation c^racteristics, but 
difficulties were encountered with respect to delanlnatlon 
of die encapsulanc material, low electrical breakdown 
resistance and humidity sensitivity. Design modifications 
that have been recanoended to iisprove reliability and reduce 
cost, include the elimination of metal substrate, 
replacement of silicone with a more suitable encapsulant, 
larger module size and use of series -parallel circuit 
configurations. 
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Solarex Corporation 

BQ-649006 

Deceoiber 1976 

D0E/JPL-3Q-649006-76/1 

'B^enty production modules, representing Ute 
state^f“tiie>art, were pr^uc^ for qualification testing 
and for installation of the thermal cycling and temperature 
humidity chambers. The first 10 modules coo^leted the 
required thermal cycling and pronam without electrical, 
mechanical, structural or optical degradation. After 
temperature-hunidity testing significant electrical 
degradation was ol^erved. Early indications were t^t 
production error was the cause in that the silicone riA^>er 
used in thone panels was not properly dehydrated. It was 
also learned that tf>e freshly cured silicone rubber is quite 
permeable to water . Tb correct the problem palladiua vias 
added to the contact metallization. This completely 
eliminated any electrical degradation problems for the 
remainder of the delivery. 
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Final Report. Silicon Solar Cells Witii Tbtal Power 
Capacity of 30 Kilowatts. 

Solarex Corporation 

954577 

October 1977 
DOE/ lPL-954577-77/1 

There are two phases of the contract effort to design, 
develop, manufacture, test and deliver a quantity of solar 
cell mcxlul.3 capable of providing 30 kilowatts of power. 

The first phase consists of mcxiule desi^, pre-production 
module fabrication, inspection and test. Ihase two consists 
of production, test and delivery. 
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Final Technical Report. 40 kw of Solar Cell Hcxlules for the 
Large Scale Production Task. 

Jones, G. T. 

Sensor Tedinology, Inc., Cbatswarth, Calif. (USA) 

954565 

December 1977 
DOE/JPL/954565-77/1 

Pbrty kilowatts of solar cell mcxlules was produced in this 
program. This is equivaloit to 4123 modules. The average 
power output ^r module was 9.7 watts at 16.5 volts, 60*^0 
and 100 The peak production rate was 200 m^ules 

per week which is equal to 1.9 kw per week. This rate was 
sustained for over four and one-half months and is 
equivalent to 100 kw per year. The solar cell module 
design, electric:al and power performance, module 
preproduction envirotmental test results, production and 
shipping schedule, program sumnary, and delivery. A cost 
analysis section is written. Particular emphasis on the 
percaitage of labor and material utilized i' ccxistructing a 
solar cell module is presented. Also inclu i are cost 
reduction recoomendations . It was conclude from this 
program that volune production on the ordf of hundreds of 
kilowatts per year per ccn^>any as a mininua is required to 
significantly reduce the price per watt for solar cell 
oxxiules. Sensor Technology more than doubled its solar czell 
module manufacturing facilities sin< 2 e the completion of the 
JPL Block II procurement. Plans are being made for large 
scale expansion of our facilitites to meet growing JPL/DOE 
procurements . 
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Final 'Dedmical Report. Large Scale Production Task 
Spectrolab, Inc., Sylmar, CA (USA) 

954587 

Septariber 1978 
DOE/JPL/954587-1 

Several design concepts were evaluated and cooipared with 
respect to potential for low onst and autoooation, protection 
against weathering, potential for array efficiency as a 
function of wei^t a^ area, potential for design 
flexibility and exposure to electrical breakdown or leakage 
to ground. This evaluation program narrowed attention to 
design concepts involving glass as the primary structural 
and weather resistant conponent of the mcxlule. The leading 
specific design structure consisted of the solar cell 
circuit embedded in polyvinyl butyrate by lamination between 
a glass front surface a^ a polyester film rear surface. 
Preliminary evaluation of this structure in hi^ hunidity 
and thermal cycle was promising, and extensive field 
experience with similar structures in ardiitectural and 
automotive applications was favorable. The specific design 
proposed was cooprised of 120 two-inch diameter cells in a 
series -parallel configuration. The laminate was mounted in 
an aluninum frame with a neoprene gasket providing the 
requisite mechanical strength with flexibility. The 
resulting module size of 15 by 46 inches permits three 
modules to be neatly fitted into the 46 inch square subarray 
specified by JPL. The design as modified to acccmnodate 
subsequent experience is shown. Performance and 
environmental test results are presented and discussed. 
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ABSTRACT: This design, developoent, fabrication and qualification 

testing of a "third -generation" solar cell module for 
residential applications is reported. This Block IV 
shingle-type module makes it possible to apply a 
photovoltaic array to the sloping roof of a residenrial 
building by simply nailing the overlapping hexagon -shaped 
shingles to the plywood roof sheathing. This 
"tiiird-generation" shingle module design consists of 
nineteen series -connected 100 nm dianeter solar cells whidi 
are arranged in a closely packed hex':'»on configurL'io... Th^ 
s'lav ‘^,.ilis cn individual ..y buided to the embossed 
imderside of a 4.4 mn thick thermally -teDq>ered piece of ASG 
Sunadex glass. An experimental silicone pottant, which 
is identified by ttie nuaijer 534-044, was used as the 
transpar^t bonding adhesive between the cells and glass. 

The encapsulant between the underside of the glass 
superstrate and a rear protective sheet of Mead Pan-L board 
is GE Silglaze SCS 2402. The semi -flexible portion of oach 
shingle m^ule is a ccoq}osite laminate construction 
consisting of an outer layer of B. F. Goodrich FLEXSEAL 
bonded to an inner core of closed cell polyethylaie foam. 
Lhiroyal Silapraie MS338 is used as the substrate lamination 
adhesive. The module design has satisfactorily survive^, the 
JPL-defined qualification testing wogran which includes 50 
thermal cycles between -40 and -»90°C, a seven day 
temperature -huDidity exposure test and a winH resistance 
test per UL997. 
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ABSTRACT: 

During this contract solar cell modules were designed and 
built in accordance with the JPL Document NO. 5101-16 
Revision A, entitled "Block IV Solar Cell Module Design and 
Test Specification for Intermediate Load Center 
Applications." A total of twelve (12) preproduction modules 
were constructed, tested and delivered. A new concept to 
the fraoie assembly was designed and proven to be quite 
reliable. This frame design, as well as the rest of the 
assembly, was designed with future hi^ voluoe production 
and the use of automated equipment in mind. 
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Final Report. Malysis of the Effects of Liqxirities in 
Silicon. 

Solar Power Corporation 
955403 

Septeoober 1980 
DOE/JPL-955403-80/1 

This final design report for the Low Cost Solar Array Block 
IV Program has been prepared in response to the Contract 
Dita Requirements List (CDRL) Item #6 DRD NO. SE-'2. The 
report includes an updated program plan showing tiie task 
descriptions depicting the work, progress, achievements and 
the cause of any deviations frcm the original plan (SC-1), 
and how this impacted on the original schedule of the 
program. In addition there is an update doconenting all 
design alterations made during the pre-production phase and 
a complete up to date set of Ehgineering and Manufacturing 
Documentation (GM-1). The purpose of this report is to 
docunent the work performed throu^ the final design and the 
test results of the modules developed under this contract, 
and to use this docunaentation to further the understanding 
and evolution of solar cell module design. 
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Final Report. Design, Fabrication, Ibst, Qualification and 
Price Analysis of Third Goieration Design &lar Cell Mxiules. 

Spire Corpc^ition 

955405 

October 1980 
DOE/JPL-955405-80A 

Ibis report describes a one year program to design, develop 
and produce a higb-efficiracy Block IV Solar Mcxlule 
according to JPL requirements defined in document 5101-16 
Revision A, "Block IV Solar Cell Module Design and Test 
Specifications for Ihtennediate Load Center ^plications". 

The module design is described along with the rationale for 
each major component choice. EKperimaits performed during 
the development phase of the program are described. The 
Quality Assurance Plan is outlined. Both cell and module 
fabrication are described. Performance and yield data on 
modules are given. Testing, both to determine module 
diaracteristics and to establish JPL qualifications are 
discussed. Finally, the results of the SAMIS cost analysis 
are presented. The results of this program are that a JPL 
qualified module with a power density of 125 Wfya^ at 
28^C has been developed and manufactured. 
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Final Report. Deaign, Fabrication, Test, Qiialification Aid 
Price Aialysis of '%ird Generation" Design Solar Cell 
Modules . 

E. Bastirik 

Motorola Inc. Semiconductor Group. 

955406 

January 1981 

DOE/JPL-955406-81/1 

Motorola entered into a contract with JPL on May 16, 1979, 
to design, fabricate, test, qualify, and deliver 
pre-production Block IV modules satisfying the requirements 
of JPL Document 5101-16, Revision A. The following report 
reviews tbe schedule of this effort as well as the basic 
module design and test results. Modifications to the design 
which occurred as a result of problems are also considered. 
Module qualification was adiieved in December, 1980, and all 
docuDoitation submissions were completed in January, 1981. 
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Final Report. Design* Febrication* Test, Qualification and 
Price ^alysis of '^ird Generation" Desigp Solar Cell 
Modules. Part 1: Intermediate Load Module. 

ARGO Solar, Inc. 

955402 

Septennber 1981 
DOE/JPL-955402-81/1 

This final design report presents an updated progrsm plan 
for the design, fabrication, test and qualification of the 
"third generation" design intermediate load solar cell 
module. This updated program plan and narrative reflects 
the desigi and developnent work done and progress made in 
establishing a viable design for these modules. Design 
alterations from the prepr^uction plan are discussed on 
experience gained during the preproduction phase of the 
program. 
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Final Report. Design, Fabrication, Tbst, Qualification, and 
Price Analysis of '%ird Generation" Design Solar Cell 
Modules. 

Solarex Corporation 
955404 
October 1981 
DOE/JPL-955404-81/1 

Description of Progran: The Solare>. Block IV contract calls 

for tile design, manufacture, and delivery of eighteoi 
residential load modules and eighteen intermediate load 
modules. Gammon features of both modules include: 

- 72 9.5cmX9.5cm Semicrystalline Cells 

- Cells - Ti-W-Ag front Metallization with n/p p+ junction 

- Geometrically arranged in 6 X 12 matrix 

- 3/16" Sunadex t€snpered glass superstrate 

- Ethylene vinyl acetate as encapsulant with craneglas 
spacer 

- White Tedlar moisture barrier 

- Redundant Cell-Interconnect Design which has six pads per 
cell 

- Wraparound Interconnect 

- Circuit Board style interconnect with in-plane stress 
relief feature. 

- TWo pigtail connections per positive or negative outlet. 
Features which are different are shown in Table I. 
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Final Report. Design, Eebricatlon and Testing of Block IV 
Design Solar Cell Modules Part II: Residential Module. 

AROO Solar, Inc. 

955402 

April 1982 

DOE/JPL-955402-82/2 

This final design report concludes work performed on the 
design, fabrication and test of the Block IV Residential 
Load li^ule by ARCO Solar, Inc. This report outlines design 
changes from the propc»ed module design through three 
iterations to the discontinuance of testing agreed upon by 
both JPL and AROO Solar, Lie. 
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